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ABSTRACT

Heat transfer performance of horizontal, integral-fin tubes made of copper,
aluminum, copper-nickel, and stainless steel was evaluated using a boiler and steam
condenser assembly. Testing was done at vacuum and atmospheric pressure conditions.
The tubes tested had an inner diameter of 12.7mm, a root diameter of 13.88mm, and fin
heights ranging from 0.5mm to 1.5mm, in 0.25mm increments. The outside heat transfer
coefficient was determined first by finding the overall heat transfer coefficient, U,, then by
using the Modified Wilson Plot Technique.

The results indicated that the performance of a finned tube is very dependent on fin
height and tube material. Moreover, the results were compared with the predictive models
of Beatty and Katz, Rose, Adamek and Webb, and Honda et al., with a modified version

of the Rose model demonstrating the best predictive capabilities.
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NOMENCLATURE

effective surface area as defined by eqn. (5), m?
surface area of fin flank as defined by egn. (6), m?
surface area of fin tip as defined by eqn. (7), m?
inside surface area of test tube, m?

outside surface area of smooth tube m?

outside area of test tube for one pitch length, m?
unfinned surface area as defined in egn. (8), m?
constant used by Rose [Ref. 4], equal to 2.96
constant used by Rose [Ref. 4], equal to 0.143
constant used by Rose [Ref. 4], equal to 0.143
constant used by Rose [Ref. 4], equal to 0.143
assumed leading coefficient for h; as in egn. (25)
specific heat at constant pressure, J/(kg K)
equivalent diameter as defined in egqn. (3), m
inside diameter of test tube, m

outside diameter of test tube, or smooth tube, m
root diameter of finned tube, m

fraction of unflooded fin flank surface area that is
covered with condensate

fraction of unflooded interfin surface area that is
covered with condensate

gravitational constant, 9.81 m/s?

specific enthalpy of vaporization, J/kg

inside heat transfer coefficient, W/ (m? K)
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)

LMTD

outside heat transfer coefficient, W/ (m? K)
thermal conductivity, W/ (m K)

thermal conductivity of coolant, W/(m K)

thermal conductivity of condensate film, W/ (m K)
constant as defined in egqn. (28)

constant as defined in egn. (29)

length of test tube, m

fin flank length as defined in egqn. (4), m

log mean temperature difference, K

mass flow rate of coolant, kg/s

number of fins per unit length of tube, m
Prandtl number

fin flank heat flux as defined in egn. (10), W/m?
interfin heat flux as defined in egn. (11), W/m?
fin tip heat flux as defined in egn. (12), W/m?
heat transfer rate as defined in eqn. (19), W
Reynolds number

interfin spacing, m

fin thickness, m

coolant inlet temperature, K

coolant outlet temperature, K

film temperature, K, or constant as in eqn. (16)
steam temperature, K, or constant as in eqn. (17)
steam saturation temperature, K

constant as defined in eqn. (15)

tube outside wall temperature (at fin base), K

viii




overall heat transfer coefficient, W/ (m?® K)

GREEK SYMBOLS

AT

£(d)

assumed leading coefficient to find h,

temperature difference across the condensate film, K
fin efficiency

constant as defined in eqn. (27)

enhancement ratio for a given temperature difference
as defined in egn. (14)

dynamic viscosity, kg/(m s)

condensate film dynamic viscosity, kg/(m s)

density, kg/m}

condensate film density, kg/m®

fluid/vapor density difference, kg/m’

vapor density, kg/m’

condensate flooding angle as defined in eqn. (13)
condensate surface tension, N/m

constant as used in egn. (11)

Petukhov-Popov function as defined in egn. (26)
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I. INTRODUCTION

A. BACKGROUND

Today, all over the world, steam plants are being used to
provide power and electricity on land, and to propel ships and
submarines at sea. Because of this extensive use of steam
plants in general, and condensers in particular, it becomes
apparent that any enhancement in the performance of a
condenser could be of enormous benefit. For example,
electricity could be generated cheaper, fuel consumption could
be reduced, or ship speeds could be increased for a given
power plant.

One method of increasing condenser, and hence steam plant
performance, is to use "enhanced" condenser tubes. These tubes
offer an increase in performance by enhancing the heat
transfer on either the inside or outside of the tubes.
Therefore, using these tubes would allow for smaller, more
efficient future condensers. Moreover, higher efficiency could
be achieved for existing power plants by retubing with
enhanced tubes.

One type of enhanced tube is the integral-fin tube. An
integral-fin tube is a tube with circumferential fins on its
outside, manufactured by machining the material between the

fins away. As the fin material always was part of the original




tube stock, there is no contact resistance between the fin and
the tube wall. (ie, The fin is an integral part of the tube.)

There are two main reasons why integral-fin tubes are
enhanced over smooth tubes. One reason is because of the added
surface area presented by the fins for heat transfer. The
other reason is the interaction between the surface tension of
the condensate and the fins themselves.

Increasing the surface area of a tpbe, one might surmise,
would be very important in enhancing the heat transfer
performance of a tube. After all, the more surface area there
is, the more area there is for heat transfer. However, one
would also surmise that there must be a limit to heat transfer
enhancement. Particularly with lower conductivity materials,
it is intuitively obvious that there is a fin height beyond
which no further practical heat transfer increase will occur.
This limit in heat transfer rate results from the competitive
effects of increased condensing surface, and decreased heat
conduction (fin efficiency) through the fin as fin height
increases. The effect of fin efficiency during single phase
heat transfer is well known in setting a proper integral fin
height.

The interaction between the fins and the condensate
during condensation is a complex one, with two competing
effects arising from surface tension. One effect is to thin
the condensate film on the upper part of the tube. This is

called the unflooded region. On the lower part of the tube,




the presence of the fins causes condensate to be retained in
the space between the fins. This is called the flooded region.
These regions are shown in Figure 1.

The unflooded region demonstrates enhanced heat transfer.
This is because the condensate film on the tube wall and fin
flanks is kept very thin by the action of surface tension and
gravity. As the condensate has a much 1lower thermal
conductivity than the typical metal tube, its thinning
increases the amount of heat transfer.

Again, because of the low conductivity of the condensate,
the heat transfer is drastically reduced in the flooded
portion of the tube. When compared to the unflooded portion,
the amount of heat transfer provided by the flooded portion is
very small.

Unfortunately, by increasing the fin height, the flooded
portion of the tube is increased as well, again because of the
effects of surface tension. This tends to reduce the amount
of heat transfer, and competes directly with the enhancing
factor of increased tube surface area mentioned earlier.

Much work has already been done with integral~fin tubes at
the Naval Postgraduate School (NPS) and elsewhere. However,
the vast majority of work has been done with copper tubes
because of its high thermal conductivity and ease of

fabrication. Because of strength and/or corrosion concerns,
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most condensers use tubes made of copper-nickel, bronze,
stainless steel, or titanium, all of which have much lower

thermal conductivities than copper.

B. PREDICTIVE MODELS

It is obvious that enhanced tubes are advantageous.
However, being able to predict their performance would be even
more advantageous. After all, how does one design a condenser
when the performance of the tubes isn’t well known? For that
matter, how does one tell if performance of enhanced tubes is
worth the added cost of manufacturing them?

Nusselt [Ref. 1), in 1916, was the first to successfi..’
predict the performance of smooth tubes. Since then, Beatty
and Katz (Ref. 2], Adamek and Webb (Ref. 3], Rose [Ref. 4],
and Honda et al. [Ref. 5] have all attempted to predict, with
varying degrees of success, the performance of integral-fin
tubes.

There is very 1little experimental validation of the
previously mentioned integral-fin models and virtually all the
data are with copper tubes (though Jaber and Webb [Ref. 6],
have done some very recent work with other materials).
Therefore, the previously mentioned models remain essentially
unproven with regard to tubes that would be used in actual

condensers.




C. NAVAL POSTGRADUATE SCHOOL CONDENSATION RESEARCH

This thesis is part of an ongoing research program to
study enhanced condensation. Much work has been done over the
years with integral-fin tubes of various dimensions, though
most has been done only with copper tubes. Mitrou [Ref. 7],
and most recently Cobb ([Ref. 8], looked at tubes of different

materials but with only limited variations of fin height.

D. OBJECTIVES
The main objectives of this thesis are as follows:

1. Obtain repeatable data for integral-fin tubes made of
different materials, to study the effects of thermal
conductivity on tube performance.

2. Compare data for tubes of the same material but different
fin heights, to demonstrate the effect of f£fin height on tube
performance.

3. Compare the experimental results with available
predictive models, to validate the models.




II. A REVIEW OF RELEVANT PREDICTIVE MODELS

A. NUSSELT MODEL

As mentioned previously, Nusselt [Ref. 1] was the first to
formulate an equation for the average heat transfer
coefficient for a smooth horizontal tube during film

condensation:

) 1/4
kegheop (PP ) (1)

h,=0.728
° B 2D, (Tgae=Tyo)

In order to develop his equation, Nusselt assumed that
the tube operates in a quiescent vapor, that is a vapor with
zero velocity. While his model remains generally valid, in
reality any vapor in a condenser will have some velocity.
Assuming downward flow, the vapor velocity would tend to thin
the condensate film and enhance the heat transfer above what

the Nusselt model predicts.

B. BEATTY AND KATZ MODEL

In 1948, Beatty and Katz [Ref. 2] formulated an equation
for the average heat transfer coefficient for integral-fin
tubes. They took into account the thermal conductivity of the
wall material in order to accurately model the effect of the

fins. However, to simplify the problem they neglected the




effects of condensate surface tension. For rectangular shaped

fins, their equation takes the form:

1/4

3.2
h,=0.689| ——£P Ihe (2)
# tDoq( Tut-Tw)
where
1/¢
1 ] Agy Age A,
—=—| =1.3n, +N s + (3)
and
2_pn2
FagDo-Dr) (4)
4D,
Agr=NpA s +*NpA s +A, (5)
2_pn2
Age= e A 28 Do-D;) (6)
2
A ;=n,sD.s (8)

As Beatty and Katz ignored surface tension, one would

expect their model to perform better for low surface tension




fluids, such as refrigerants, than it would for water. Also,
the model would predict the performance better under high
pressures and hence, high saturation temperature conditions

where surface tension would be lower.

C. ROSE MODEL

Rose [Ref. 4] in 1993, developed a simple but complete
model for determining the outside heat transfer coefficient
for integral-fin tubes. Unlike Beatty and Katz [Ref. 2], he
took into account the effects of surface tension, gravity
induced drainage from the tube, and condensate flooding. He
did, however, choose to ignore the effects of fin efficiency
as he primarily dwelled on copper tubes which have a very high
fin efficiency. Rose’s equation for the outside heat transfer

coefficient for an integral-fin tube is:

1 (9
ATAcot.p )

- 2_n2
h,={nD° cq.+ %[ (1-£,) nz(Do D) g+ (1-£,) w,sq,]

where q,, q,, and g, are the heat fluxes from the fin flanks,
interfin space, and fin tips:

1/4
g ph,,k’AT’[ 0.943% tzg*'Bf o (10)
m | h, h?
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1/4
g, PRefCAT) (B0 00 o 0 (11)
‘ » D, ’s3 )
and:
hy kAT .
q P ,25 T 0.724p&g+3_o_ (12)
‘ m D, ‘e

and the condensate flooding angle ¢ is:

¢=cos“[ p;.:D -1] (13)

The quantities f, and £, represent the fraction of the
unflooded portion of the interfin space and the fin flanks
that are flooded with condensate.

Moreover, Rose defines the enhancement ratio ¢,, as the
ratio of the predicted outside heat transfer coefficient for
a finned tube to that predicted by Nusselt at the same film

temperature difference. This ratio is given as:

__ Dot & (- D3-D?) F s _(14)
ar" P (s+t) Tt (1-10) 2D, (s+t) Tery -8 By T
where:
1/4
T, .2'.4.3: il (15)
D, 0.728%p ,gt3
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«D D 1/4
T L2431 =z . p, it 4 (16)
0.728] h, " o0.728% ,gh?

and:

1/4
0.728% 0.728%p ,gs°

Note that these equations contain four unknown
coefficients, Bl, Bs, Bf, and Bt. Rose curve fitted these
equations to existing experimental data for copper tubes at
atmospheric pressure (only) and determined that Bl should be
2.96, while Bf, Bs, and Bt, were all equal to 0.143.

Cobb [(Ref. 8], in 1993 modified the Rose model to include
the effects of fin efficiency. The modified Rose model

therefore takes the form of:

[ (1-£,) % (D3-D3) ' 18
h,'[rDatqtnp%{ £ > S -t aem +(1-£,)xD,sq, Al (18)
toc,p

11




D. ADAMEK AND WEBB MODEL

Adamek and Webb [Ref. 3] use a far different approach to
determine the outside heat transfer coefficient. Like Rose
[Ref. 4], gravity drainage, surface tension and the flooding
angle are all taken into account. However, that is where the
similarity ends.

Adamek and Webb chose not to ignore the effects of fin
efficiency. Furthermore they decided to look at a length of
tube which stretches from the midpoint at the tip of a fin to
the midpoint of its adjacent interfin space (see Figure 2).
The surface beﬁween those two points is then broken up
into eight discrete segments, namely, ba, a0, 01, 12, 23, 34,
45, and 56. For each of these segments, a local condensation
rate for the condensate surface is calculated. These
condensation rates are then summed for both the flooded and
unflooded portions of the tube. In addition, condensate film
thicknesses are determined for each of the eight segments. The
outside heat transfer coefficient is then a function of the
condensation rates, film thickness, fin efficiency,
temperature difference, and enthalpy. A major disadvantage of
this model is its complexity compared to the models of Rose
[Ref. 4) or Beatty and Katz [Ref. 2], and a numerical solution

is required to solve the problem.

12
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Half Fin/Interfin Space as
Analyzed by Adamek and Webb
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E. HONDA MODEL

The Honda et al. model [Ref. 5], like that of Adamek and
Webb is quite complex, but is the most comprehensive model
available. Like Adamek and Webb [Ref. 3], the condensate film
thickness is calculated, and gravity and surface tension
effects are considered. For Honda‘s model, three cases are
considered based on fin spacing and condensation rate (see

Figure 3 from Ref. 5). Different sub-models are used for each

case. These cases are a function of fin spacing and
condensation rate and are used because it is expected that the
depth of the condensate film in the inter-fin space would have
a significant impact on the amount of heat transferred.
Honda et al. [Ref. 5], however, take into consideration
the properties of the test tube coolant, the inside heat
transfer coefficient, and the tube wall conductivity in
analyzing the heat transfer from the vapor to the coolant, and
then determine the temperature field in the tube and fins.
Therefore, their predicted outside heat transfer coefficient
is a function of coolant properties, inside heat transfer
coefficient, tube wall conductivity, fin efficiency, film
thickness, and surface tension and temperature difference.

This comprehensive analysis, however, requires a numerical

solution.

14
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III. EXPERIMENTAL APPARATUS

A. SYSTEM AND SYSTEM INSTRUMENTATION OVERVIEW
The system apparatus and instrumentation are identical to
that as described by Cobb [(Ref. 8]. A major computer upgrade

is in progress, but has not yet been installed.

B. TUBES TESTED

As mentioned in the introduction, little experimental work
has been done with tubes made of materials other than copper.
For this work, tubes made of copper, aluminum, 90/10 copper-
nickel, and 316 stainless steel were used in order to
determine the relationship between tube heat transfer
performance and tube thermal conductivity. The thermal
conductivities for the tubes used were curve-fitted by Cobb
[Ref. 8] for the temperature range of this work, from data
taken from [Ref. 9). Table I lists the thermal conductivities.

TABLE I. THERMAL CONDUCTIVITIES OF TUBE MATERIALS

THERMAL CONDUCTIVITY
(w/(m K))
COPPER 390.8 “
ALUMINUM 231.8 ﬂ
COPPER-NICKEL 55.3 ﬂ

16




THERMAL CONDUCTIVITY
(w/(m K))

STAINLESS STEEL

All tubes tested contained a heatex insert. The heatex
insert is an insert of wire loops and is used to promote
repeatable, consistent, turbulent flow on the inside of the
tubes to enhance the inside heat transfer coefficient and
lower the inside thermal resistance. The tubes tested, and

their dimensions are listed in Table II.

TABLE II. SPECIFICATIONS FOR TUBES TESTED

FIN
HEIGHT THICKNESS

(MM)

COPPER 13.88 SMOOTH | 13.88 | m====vrwe | cceccacana

17




TUBE
MATERIAL

FIN
THICKNESS
(MM)

FIN
SPACING
(MM)

COPPER- 13.88 1.50 16.88 1.00 1.50
NICKEL
COPPER- 13.88 1.00 15.88 1.00 1.50
NICKEL
COPPER- 13.88 0.75 15.38 1.00 1.50
NICKEL
COPPER- 13.88 0.50 14.38 1.00 1.50
NICKEL
§ STAINLESS 13.88 1.50 16.88 1.00 1.50
§ STEEL
STAINLESS 13.88 1.25 16.38 1.00 1.50
! STEEL

18




MATERIAL

DIA.

HEIGHT

DIA.

FIN
THICKNESS
(MM)

FIN
SPACING
(MM)

f STAINLESS | 13.88 1.00 15.38 1.00
| STEEL
I STAINLESS | 13.88 0.75 14.88 1.00 1.50

| STEEL

STAINLESS

| STEEL

19




IV. EXPERIMENTAL PROCEDURES AND DATA ANALYSIS

A. SYSTEM OPERATION AND TUBE PREPARATION

System (see Figure 4) operation was identical to that
given by Cobb [Ref. 8)]. For both atmospheric and vacuum runs,
non-condensable gasses were removed by use of a vacuum pump.
Simultaneously, the boiler heaters were turned on, and flow
was initiated in the test tube. Once steady conditions were
reached for the vacuum (saturation temperature of 48.7 degrees
C) or atmospheric (saturation temperature of 100.0 degrees C)
runs, cooling water flow was adjusted to 80% in the test
tube.

At this point data collection commenced. The data
collection procedure was repeated and the temperatures checked
for consistency before saving them. If the data were
sufficiently consistent, (+/- 1%) the flow through the test
tube was repeated with the flow meter reduced to 70%. This
process continued down to 20% flow in the test tube and was
then repeated frow 0% back up to 80%.

Tube preparation was also identical to that given by Cobb
(Ref. 8] with the following exception:

¢ For aluminum tubes only, the treatment was stopped once a
continuous oxide layer has been formed on the surface of
the tube, but before dimensional changes had occurred

because of excessive corrosion due to the high reactivity
of aluminum.

20
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B. COMPUTER CODES

Three different computer codes were used for analysis in
this work. The first of these codes was used to take the raw
data and do initial processing, while the second and third
were codified versions of the previously mentioned predictive
models.

1. DRPALL

"DRPALL" is the name of the data acquisition and

initial processing program. It is an HPBASIC program and
remains unchanged from that described by Cobb [Ref. 8].
When used, the DRPALL program asks the user for information
regarding test tube material type and configuration. Once the
operator is ready to commence data taking, DRPALL either
measures directly via an HP 3497 Data Acquisition Unit, or
prompts the operator for data regarding boiler voltage, steam
temperature and pressure, coolant flow, and coolant
differential temperature.

From this data the heat transfer rate can be calculated.

O=mC,(T,-T;) (19)

Then the overall heat transfer coefficient is calculated:

U Q

" &, (LMID) (20
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where:

I,-T,
ln{ T.uc—Tl] (21)
Toae~T;

Since the desired output is outside heat transfer coefficient,

LMTD=

the principle of thermal resistances in series is used, where

the tube wall thermal resistance is written as:

1n| 2e
I (22)
Y 2xLk

and the overall thermal resistance is given by:

1 1

= 1
UA, hjA,

+R._+
" hA,

(23)

DRPALL contains a computer code for the Modified Wilson
Plot Technique to determine the inside and outside heat
transfer coefficients. As described by Cobb [Ref. 8], the

Modified Wilson Plot Technique uses the overall heat transfer

coefficient to find the inside and outside heat transfer
coefficients using assumed forms for them and following an
iterative technique. Since the data were taken using the
Petukhov-Popov correlation on the cooling water side(Ref. 10},

the heat transfer coefficients were assumed to be:
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k’ 2 h 1/4
h=a| XEP£Iey (24)
B :DAT,
kew
ac|—cw 5
h, c,{ 5 ]a (25)
where:
£ RepPr
Q - (26)
xlug(%) (Pra/3-i)
€=[1.82log(Re) -1.64]%/2 (27)
K,=1+3.4¢ (28)
and:
K,=11.7+1.8Pr /3 (29)

The values of a« and C; are calculated in the code. In
addition, DRPALL contains corrections to take into account
frictional heating of the coolant, as well as the fin effects
of the two mounted ends of the test tube. More information for

the Program DRPALL is given in Appendix A.
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2. HEATMEYER

"HEATMEYER" is a computer code originally written by

Cobb [Ref. 8] and called HEATCOBB. HEATMEYER is a slightly
altered version of HEATCOBB in order to allow an interactive
input of tube parameters. This program is written in FORTRAN
and is a codified version of the Rose model [Ref. 4], with one
very important difference. Cobb [Ref. 8] modified the Rose
model to take into account the effects of fin efficiency. The
same fin efficiency equation used by the Beatty and Katz model
[Ref. 2], was applied.

All numerical values of outside heat transfer coefficient
and enhancement, presented in this paper, that are attributed
to Rose (modified) are determined by using this program. More
information for the program HEATMEYER is given in Appendix B.

3. Tsujimori

In 1993, Tsujimori [Ref. 11], produced computer codes
which calculate outside heat transfer coefficients and
enhancements (for a given temperature difference) for the
models of Nusselt, Beatty and Katz, Adamek and Webb, and Honda
et al. All numerical values of outside heat transfer
coefficient and enhancement presented in this thesis, which
are attributed to Nusselt, Beatty and Katz, or Adamek and
Webb, or Honda et al., were determined by use of Tsujimori’s
codes. More information regarding the Tsujimori programs is

given in Appendix C.

25




V. RESULTS AND DISCUSSION

A. GENERAL DISCUSSION

Data were taken as described in Chapter IV, with two runs
being done on each tube: one at atmospheric pressure, and
another under vacuum conditions. Short form printouts of the
data as taken and processed by program DRPALL are included in
Appendix D.

The names of the data files give information on the tube
type and configuration, as well as the type of operation. The
first two letters of tr. file name tell which type of tube
material was used. For example, "ss" means stainless steel,
and "cn" means copper-nickel. The numerical values in the file
name represent the fin height of the tube where "15" means a
fin height of 1.5mm, "125" means 1.25mm, "1" means lmm etc.,.
Finally, if the file name ends with an "A", that means the
- experimental data were taken at atmospheric pressure, vice a
vacuum. Any file that ends with an "R" means that an original
run had been terminated because of equipment problems, and
that the run had been repeated.

Any time experimental data are taken, experimental
uncertainty becomes an important concern. Appendix E contains
the program used to predict the uncertainty for any given run,

as well as a brief explanation of the logic used. Appendix E
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also contains the uncertainty analyses for all of the data
runs.

Related to uncertainty is the issue of repeatability.
Consistency of experimental results is very important. In
other words, it is wvital that the data taken reflect the way
tubes transfer heat, not the way the author collected his
data. To demonstrate repeatability, Table III is a comparison
of data taken by Cobb [Ref. 8] and the author for two tubes of
identical dimensions ( 1lmm fin height, 1mm fin thickness, and
1.5mm fin spacing ) at vacuum.

Another indication of repeatability is how the data from
one tube compares with that of another, ie, are there any
trends or does the data seem entirely random? As demonstrated
in the plots to follow, there are some very clear trend which
help establish the repeatability of any one individual data

run.

TABLE III. COMPARISON OF INDEPENDENT RUNS OF FINNED TUBES

TUBE ENHANCEMENT
MATERIAL (delta T)

copper-

nickel 2.33 1.07 1.32

(Cobb)
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copper-
nickel 2.68 1.06 1.30
(Meyer)

$ difference 13.1 1.5 1.5 l

copper

(Cobb)

copper

(Meyer)

% difference

B. HEAT TRANSFER COEFFICIENT VS. TEMPERATURE DIFFERENCE
Figures 5 through 12 are plots of the outside heat
transfer coefficient versus film temperature difference where
the temperature difference, again, is defined as the
difference between the saturation temperature of the steam and
the outside wall temperature of the test tube calculated at
the base of the fin. Fiqure 5 also shows some sample
uncertaint bars as determined in Appendix E. Two points
immediately make themselves clear:
1. Improvement of Enhanced Over Smooth Tube Performance
For two tube materials, copper and aluminum, data were

taken on smooth tubes with the same outside diameter as the
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diameter of the finned tubes at the base of the fins (ie the
root diameter). Exactly as one would expect, there is a marked
increase in the heat transfer of the integral-

fin tubes when compared to the smooth tubes. These effects can
be s@en ImpAcgunéscbnduetiwi@ylon Tube Performance

When comparing the data for high conductivity
materials, such as copper or aluminum, against the performance
of low conductivity materials, such as copper-nickel or

.nless steel, it becomes apparent that the conductivity of
the material plays a large role in tube performance. There is
a very definite trend established that as thermal conductivity
decreases, so does heat transfer performance. The stainless
steel plots in particular, (Figures 8 and 12) demonstrate that
beyond fin heights of 0.5mm for vacuum, and 0.75mm for
atmospheric, the effect of the 1low conductivity is so
significant (ie, low fin efficiency) that the heat transfer
coefficient does not increase with fin height.

In fact, beyond these critical fin heights, the heat
transfer coefficient decreases with fin height. This can be
explained by the fact that, as described previously in Chapter
I, as fin height increases, not only is fin efficiency
reduced, but, the amount of tube that is flooded increases,
reducing the amount of tube surface for effective condensation
to occur, and therefore decreasing the outside heat transfer

coefficient.
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C. COMPARISON OF DATA WITH PREDICTIVE MODELS

Figures 13 through 20 are plots of outside heat transfer
coefficient against temperature difference for the
experimental data and five predictive models. This is done
for tubes of a fin height of 0.75mm. The models are those of
Adamek and Webb [Ref. 3), Honda et al. [Ref. 5], Beatty and
Ka: . [Ref. 2], modified Rose [Ref. 4), and Nusselt [Ref. 1].

The Nusselt model is for a smooth tube vice a finned tube
and is only included to provide an indication of the
enhancement achieved by using finned tubing.

There are two models which seem to consistently predict
tube performance reasonably well. They are the models of Rose
(modified) [Ref. 4], and Beatty and Katz [Ref. 2].

The Beatty and Katz model, which, while reasonably
accurate, consistently over-predicts the experimental
performance of the integral-fin tubes. This is due to the fact
that Beatty and Katz neglected the effects of surface tension.
In fact, the Beatty and Katz model clearly is more accurate
for the atmospheric runs than it is for the vacuum runs. This
is because the atmospheric runs are conducted at 100 degrees
C (vice 48.7 C during vacuum conditions) where the condensate
surface tension is reduced.

The modified Rose [Ref. 4] model appears to be overall the

most accurate model, although it tends to under-predict the
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experimental tube performance. Of course, accuracy coupled
with conservatism can be a very desirable design
characteristic. Actual values of enhancement as predicted by
modified Rose, experimental enhancement, and the percent
difference between the two, will be presented later in tabular
form.

As Figures 13 through 20 show, the Adamek and Webb [Ref.
3] model tends to excessively over-predict the performance of
integral-fin tubes. Though the model displays the correct
trends, the relative inaccuracy and complexity compared to the
modified Rose model, would tend to render the Adamek and Webb
model unusable.

The Honda et al. [Ref. 5] model demonstrates the ability
to be extremely accurate, but its predictions vary widely as
the model steps through its different sub-cases (the wide
changes in outside heat transfer coefficient predicted by the
Honda model do not seem to be borne out by the experimental
results). Again, the complexity and often inaccuracy of the
Honda model makes other models such as modified Rose, more
appealing. The inaccuracies of the Adamek and Webb (Ref. 3]
and Honda et al. [Ref.5] models may be due to errors in the

codes established by Tsujimori [Ref. 11].

D. ENHANCEFENT VS. FIN HEIGHT
Figures 21 and 22 are plots of the experimental

enhancement ratio versus fin height for all four tube
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materials. The enhancement is defined as the ratio of
experimentally found outside heat transfer coefficient at a
given temperature difference, over the outside heat transfer
coefficient for the same temperature difference as predicted
by Nusselt. There are three major points which can be derived
from these plots:
1. Smooth Tube Performance

For the copper and aluminum smooth tubes (ie fin
height equal to zero), one can see a slight enhancement over
that predicted by Nusselt. This is due to the fact that
contrary to Nusselt’s assumption of a quiescent vapor, there
is a downward vapor velocity associated with the experimental
data (approximately 2 m/s for vacuum runs and 1 m/s for the
atmospheric runs). This vapor velocity tends creates a shear
force that thins the condensate film and enhances heat
transfer.

2. Effect of Fin Height on Enhancement

Again, particularly for high conductivity materials,
as fin height increases, so does performance. For example, for
copper and aluminum tubes, one can see an increasing
enhancement up to a fin height of 1.5mm, and the data appear
to demonstrate that a further increase in enhancement may
occur if fin height is further increased. However, this is not
80 for low conductivity materials as discussed in the next

section.
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3. Effect of Conductivity on Enhancement

Low thermal conductivity materials severely reduce
enhancement. As can be seen in Figures 21 and 22, raising the
fin height would not necessarily result in further enhanced
performance. Even for a material with an intermediate thermal
conductivity, such as copper-nickel (see Figure 21), beyond a
fin height of about 0.75mm, there is little increase in the
enhancement. For stainless steel, the enhancement decreases
for a fin height above 0.5 - 0.75mm, depending on the
operating conditions.

In the present study, the minimum fin height used was
0.5mm. For stainless steel, it is observed that under vacuum
conditions, the enhancement peaks at a fin height of 0.5mm and
decreases for larger values. A recent work by Jaber and Webb
(Ref. 6], shows that for titanium tubes, which have a
conductivity near that of stainless steel, the enhancement
increases with increasing fin height of 0.28 and 0.43mm. It
appears that for such tubes, 0.5mm fin height would result in
an optimum performance. However, more experimentation with
lower fin heights is reqguired before any firm conclusions can

be reached.

E. COMPARISON OF ENHANCEMENT WITH THE ROSE (MODIFIED) MODEL
Figures 23 through 30 are plots of enhancement versus fin
height and compare the experimental data to the predictive

results of the modified Rose model. Note that for all the
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plots, the modified Rose model demonstrates a reasonable to
very good predictive capability. The only glaring shortcoming
of the Rose model is its inability to predict the performance
peaks of stainless steel at low fin heights (Figures 26 & 30).

Surprisingly, even though the original Rose model was
developed using experimental data for copper tubes at
atmospheric pressure, the modified Rose model works well for
all tube materials. In addition, one might expect, that the
modified Rose model would work best for copper tubes at
atmospheric pressure, when in fact, this is not the case. This
may be at least partially explained by recognizing that the B
coefficients for the Rose model were determined without taking
into account fin efficiency. Adding a fin efficiency to create
the modified Rose model would then make the coefficients
incorrect since they essentially include the effects of copper
fin efficiency, assumed to be unity. Accuracy of the modified
Rose model improves for conductivities less than that of
copper, probably because the effects of fin efficiency become
increasingly predominant.

Table IV. compares enhancement for a given experimental
data run to the average enhancement as predicted by Rose
(modified) for the same film temperature difference.

Note that with very few exceptions, the modified Rose
model was able to predict the experimental data with good
accuracy. The few exce;tions may be more an indication of

experimental error than of problems with Rose’s (modified)
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model. The potential of the modified Rose model warrants more

experimental data to further establish its validity.

TABLE IV. EXPERIMENTAL AND ROSE MODEL ENHANCEMENTS

TUBE TYPE ROSE

(MODIFIED)
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TUBE TYPE

ROSE
(MODIFIED)

CN75A

CN1A
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ROSE
(MODIFIED)

CN15A

SS5A 1.36 1.10 19.1

SS1A 1.14 1.15 0.9

SS125A

SS75A 1.44 1.13 21.5 l

§515A
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VI. CONCLUSIONS AND RECOMMENDATIONS

A. CONCLUSIONS
Experimental data were obtained for steam condensation on

integral-fin tubes made of copper, aluminum, 90/10 copper-

nickel, and 316 stainless steel at both atmospheric and vacuum
conditions. The tubes used had a root diameter of 13.88mm, a
fin thickness of 1.0mm, a fin spacing of 1.5mm and fin heights
ranging from O0.5mm to 1.5mm, in 0.25mm increments. From this

data, the following conclusions can be made:

1. Reliable, repeatable data have been obtained, on the
performance of integral-fin tubes of varying materials
and fin heights.

2. For high conductivity materials, such as copper or
aluminum, as fin height increases so does the
enhancement of performance.

3. For low conductivity mat=: -1ls, such as stainless
steel,the effect of incrsas.ng surface area for heat
transfer by raising fin wn»:ght, is negated by both the
poor fin efficiency, and the increased flooded area of
the tube, resulting in a decrease in heat transfer
performance.

4. Of the examined predictive models, the modified Rose
model seems to be the most accurate. This is despite
the fact that his empirically determined coefficients
were found only with data for a copper tube at
atmospheric pressure.
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RECOMMENDATIONS

Use the results from tubes tested in this work and in
future work, to evaluate the B coefficients in the
modified Rose model to determine if the B values need
to be changed.

Test tubes at a fin height of 1mm with a fin spacing
ranging from 0.5mm to 2.0mm to find a spacing which
maximizes heat transfer enhancement for each tube
material.

Test tubes at a fin height of 1mm with a fin thickness
ranging from 0.25mm to 1.5mm to find a fin thickness
which maximizes heat transfer enhancement for each
tube material.

Using the results from 2 and 3, find the ideal fin
configuration which maximizes heat transfer enhancement
for each tube material.

Experimentally determine how changing the root diameter
of a tube changes the results in 4.

Continue with the computer upgrade in progress, to
ensure faster, more timely analysis.

Install a sight glass defogger on the test apparatus to
enable the operator to easily visualize the tube during
testing.

Install a throttle valve to more precisely regulate
the cooling water flow through the test tube.
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APPENDIX A. - PROGRAM DRPALL

The computer program DRPALL, is a program written in HP
Basic 3.0 which drives the HP 3497 Data Acquisition Unit.
DRPALL takes the raw data, and using the Modified Wilson Plot
Technique, calculates the test tube outside heat transfer
coefficient. DRPALL also takes into account frictional heating
of the test tube coolant, as well as tube end effects (ie it
considers the fact that the two ends of the test tube act like
fins).

More information on program DRPALL can be obtained by

contacting:

Prof. Paul J. Marto, Code ME/Mx
Department of Mechanical Engineering
Naval Postgraduate School

Monterey Ca. 93943-5002
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APPENDIX B. ~ PROGRAM HEATMEYER
HEATMEYER is the program which predicts the outside heat
transfer coefficient, and enhancement of integral-fin tubes
based on the modified Rose model ([Ref. 4). HEATMEYER is a
slight alteration of Cobb’s HEATCOBB [Ref. 8)]. More
information on program HEATMEYER can be obtained by
contacting:
Prof. Paul J. Marto, Code ME/Mx
Department of Mechanical Engineering

Naval Postgraduate School
Monterey Ca. 93943-5002
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APPENDIX C. - TSUJIMORI COMPUTER CODES

These codes, written by Tsujimori [Ref. 11] are written in
the "C" computer language. There are a total of three
individual programs. One program for Nusselt [Ref. 1) (as a
reference), as well as Beatty and Katz [Ref. 2), one program
for the Adamek and Webb [Ref. 3] model, and the last program
for the Honda et al. [Ref. 5] model.

All three programs are interactive and are written such
that the user may specify the test tube parameters for any
tube without having to alter the program. All three programs
generate data files of heat transfer coefficient vs.
temperature difference, as well as enhancement ratio vs.
temperature difference or heat flux or fin spacing. For more
information on the Tsujimori codes, contact:

Prof. Paul J. Marto, Code ME/Mx
Department of Mechanical Engineering

Naval Postgraduate School
Monterey, Ca 93943-5002
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APPENDIX D. - EXPERIMENTAL DATA
This Appendix has short form printouts, generated by

program DRPALL, for all data runs taken.
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K3 3$.34 1.834E+@3 2.J12E+02

Lsast-squarss
a * §.3334E+Q2
5 = 7.5803%€-¢

NCTE:

NOTE:

14 data points wara siorsd in

EYER

UTSA
gttact

3.3 {%/m.K
TS L
.33 {am)

THERMCMETE

Siant =

&

AR FINNED
ic

L3237
.32%¢

. 768

.14

Go
{(Wrm~2)
.11BE+QCS
.330E+36

TIE+36

o

o -e -~

Lo e momomu e

el T N R I R T

iing for 3 = atdalita~-T"8

viils CUTSA

14 X-Y pairs wars 3tors:d in data Yils
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NCTE:

Pragram name : 0ORP
Cata takan oy

Tharmal conduciivi
[nside dtamster, O
Ouisida diamatar,

This analysis usas ithe QUARTZ THERMC
Modifiae Patuknov-Pooov coelfloiant

Using HEATEX insar
Tubz Enhancamant
Tuls matarial

Prassurs condits
Mizsait thaory ¢

™

.o
-

[ <)

Ci {zasad on Pziukrmav=-25

Ailana {Sasad on Nussalt

snarancamant {(a)

£nnancamant (Sal-T)

Cata Vu vo

s {m/3! W/ m2-K
i AT 1.324E+02
2 2.3 1,382E+82
3 2.2 1.343E+24
3 2.7 1.233E-02
3 2.22 1. 237E+B4
8 1.83 1. 122E+0S
? V.18 1.381E+02
3 1.18 3.361E+33
3 1.89 1L 1ISE+Q2
i3 2.22 e -2 0 23
K .73 {.306E+32
‘e 3.2 1.372E+82
4 J.3 1. 348E+Q2
HES $.32 1.331E+02

tL3ast-sgquarss lins far 3

3 =
5 =

NCTE:

5.34252+04

7.5Q02E-3!

b 1

MEYER

This analysis domna on rila : CUSA

This analysis (nclulss sna-finm 3ffact
4 ll

y = 338.3 {u/n.K

1 = 12,7 (mm}

() =2 17.38 {mm)
METE

T insids tuds

CoPPER

Ot oo as o

83 7or Ho

=
=2

3103 - I

«oliE+02
.oBIE+SS
.293E+32
. $23E+02
.T3TE+B2
LTSLE+Ss
.333E+03
. J23E+02
LJIVE+SR
L334E+92
LIITE+QL
.233E+02

1362 01382 62T 03 3l avvaeld

ATMCIPHERIY

-~
-

.337E+0S
.223E+08S
.485E+3S
SICE+QCS
T.431E+BS
3,454E+Q@S
3.2522+8S
3.3V3E+AS
1 .354E+236
1,137E+26
!

L 1325498

'
!
i
3
3
3
-
]

- »
= 3egalia-T"8

i1 gata points wara 3torad tn fila CUSA

13 X=Y pairs wars 3iorad in daia 7ils
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NCTE: Program name : CRPALL
Cata takan by : MEYER
-

This anaiysis cona on fila : CUSHTA

This analysis tnclugas anc-7in s’vact
Tharmal conouctivity = 338.3 {(Ws/m.K)
Insica diamater, Ot 2 12,73 {(mm)
Qutsics 3Iiamatsr, OO 3 12,28 {™ms
This aralysis usas the QUARTI THERMONMETER r3adings
Mooifiag Patuknov-Papov coafticiant = 2,339
Usiag HEATEX insart in3ide tuoe
Tuse EZnnancamant : SMCCTH TUBE
Tube matarial : CCPRER
Pras3urs condiiion @ ATMOSPHERIC
Nu3salt tnaory 13 usad Tor Ho
1 {(basagd on Patukhov-Popov) = 2,4433
Alpha {basad on Nussalt (Tdali) = 3.332=
Znhancamant 3) = 1,267
Sanancamant (Cal-T} = 1.363
Cata Vu ) Ho ] Tef Ts
s {m/s; {(Wra~2-K {(¥im~2-K) (8rm~2 tg) {c
1 4.358 T.387E+@7 1.822E+837 G6.364E+3S 63.82 29.20
2 3.3%7 T7.3368+@3 3.323E+8T 5.343E+QS 5¢.32 33.73
2 3.22  T7.331E+33 3.3T3E+ST 5.300E+3S 53.37 33.323
S 2.78 T7.30%9€+Q3 1.A31E+84 S5.321E2+43S £8.45 33.83
3 2.2 7.36:1E+22 1.3552+34 5.334E+38S 33.9s  39.77
8 1,72 5.8332+93 1.8732+34 S.263E+ES 43.3%2 120.33%
7 .17 6.1722+83 1, 154E+04 4.332E+0QS 41,50 189.35
3 11T B.TaEsR2 {1, 155E+82 4.323E+@ 41,57 12Q.12
3 1.73 5.838e+03 1 .3868E+Q3s S.281E+8S 13.54 32.138
12 2,27 7.3322+83 1.868:5+83 5.5172+QS 32.33 33.8S
i 2.75 7. ITSEFD3 {.343E+04 S5.37TE+CS 55.32 1982.22
12 3.22 7.573E+03 1.323E+Q2 §5.348E+3S 33.8¢ 138.:7
13 3.32  T7.3172+03 1.331E+82 5.2Qi1E+3S 83.15 190.30
13 4,33 7.3S3E+03 1.208€+82 5.232E+3S 51.38 129.38

Laast~-Squaras Lina for HO vs Q curva:
3ions = 3.00QC0E+33
tntarcap: = $.3800E+38

Laast-squaras lina for 9 = ardalta~-T"%S

a = 2,3423E+Cs
B = 7.5800€-31

81
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NQTE: Program name : SRPALL
Cata takan 3y T MEY

£]
This analysis dons on fils : ALIS
This analysis irncludas sng-fin a?face
Tharmal conductivity = 231.8 {Wim K
Instde 3Jiamatsr, Cf = 12.73 (mm}
Cutsida clamatar, So = 12.838 (am)
This analysis usas tha QUARTI THERMCOMETER reaadings
Mogifriad Patuknov-Popov coa’ficiant = 2.53¢%
Using HEATEX insart inside tuba
Tube Enhancamant T RECTANGULAR FINNED TUBE
Tuos matarial TOALUMINUN
Prassurs congition © VACUUM
Nussailt thacry 13 usad "or Ho - -
Ci {Sazad on Psiukiov-P3gov) a 2.237
Alpha (basag on Nussalt (Tgelll = 1.337Q
£nnhancamant (g} 2 2,379
gnnancamant {(Csi-T) = 1,319
Cats Vu Lo Ho (+1+] Tet T3
. {n/3} {(8/m 2-K} {(W/m~2-K) {Ww/m~2:; (&) {C)
! .35 1.318C+84 2.117E+Q4  Z.34BE+QTS i3.82 13.88
z 3.33 1.282C+84 2.188E+82 I.737E+ES 17.82 33.7%5
3 7.3 1.218E+82  2.13GE+83 J.3TJ1c+38S 17.38 23.82
4 2.77 i.150€+@2 2.178E+82 3.4373E+0S 16.73 43.382
5 2.23 i.381E+83  2.233E+03 7.232c+85 13,33 3.7
8 1.78 3.7688E+87 2.2342+33 .373E+35 12,85  33.8¢
7 1,17 3.828E+837 2.3T1E+34 2.336E+385 3.71% 23.33
3 .17 8.5812+87 2.543E+%3 2.336E+0S 3.73 43.91
3 .78 3.327E+83 2.337e+@3 1.313E+3S 12.37  33.33
1% -.23 1.981E+G2  2.238E+82 I.201E+QS 13.38  23.35
ti .77 1.145E+34  2.130E+34 J.313E+3S 15.34 43.79
L 2.39 1.2876+Q4 2.1122+482 J.51JE+05 1719 48.33
13 3.83 1.278E8+82 2.14CE+Q34 IT.731E+E5 7.7 43.39
- $.38 1.3122+082  2.1Q3E+%2 I.38%E+3S 18.47 43.3¢

L3aszi~sguarss {inma for g = asgaita-T'S
a s 3.J7301E+94

b = 7.35800E-3!

NOTE: (3 gata noints wers 3torsd in Tila AaLis

NGTE: 13 X-Y pairs wars 3i0rsd in dJata "ils
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Pragram nama : SRPALL

Cata takan Jy T MEYER
This analysis dena on ftls : ALIZS
Tris analysis includas ang-fin z¥7act

Tharmal conductivity 3 221.3 (W/m. K}
ingiga Jiamazar, Ct = 12.72 (nm)
Quisids Jiamatar, Co = {2.33 (mm)
This analystis uses the QUARTI THERMCMETIR rsadings
Modifisd Patukhov-23pov cost?istiant = 2,3888
Using HEATEX tnsar: insida tube
TuSs Enhancaman? T RECTANGULAR FINNED TUBE
Tube matarial TOALUMINUG
Pr3ssurs congition * VACUUM
Nussaelt thaory L3 used for He
€. {5asad on Patukhov-Pogav) = Z2.3123
Alpra {5asad on Nussalt (Tdsil) = 1.3878
Znnancemant (37 = 2.8t
Ennancamant {Cal-T) = 1.838
Data Vi Uo Ho G Te?
H {m/3; (W,m~2-K} AWM 2-K {(W/m 2 (C}
1 .37 {.191E+Q4 1.813€+G2 3J.695c+85 13.92
2 3.83 1.1872+Q43 1.833E+02 2.5822+05 18.35
3 2.39 1. 188E+34 1.8282+84 2.352E+35 13.33
3 2.77 1. 0822402 {.8852+84 3.223E+0S Hir g
£} 2.22 3.3372+@3 1.878E+03  2.384E8+05 1S.3!
2 V.78 3.145E+Q2 1.9812+84 2.756€+0S 2.3
7 117 3.068GE+37  2.13Tc+d84 Z.IZ1E+3S 19.38
3 T 3.8522+87 2.1337E+32 2.333E+dS 13.26
3 1.79 3.14352+37 1.3832+82 2.753E+05 13.34
] 2.24 1.383E+Q2 1.323E+Q2 3J.321E+3%S i15.7e
i 2.77 1.3682+24 1.3825+84 3.2272+25 17012
12 .28 {.1252+84 1.8212+84 2.256c8+@S 13.69
13 2.33 1.182E+04 1.833E+04 3.435E+0S 13.33
13 1.38 1. 137E+Q4 1.8222+84 2.513E+95 13.84

Lsast-sguarss (ina for g = srdaita-T %

as
D=

NOTE:

NQTE:

3.3335c+04

7.5000E-3!

14 data points uara 3torad 1n 7ils ALIZS

14 X-Y pairs wars storad in dats fils
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NOCTEZ: Program nama : CRPALL

RECTANGUL

Tuba Enhancsmant : NGUL
Tuba matarial TOALUMINUN
Prassurs condgliion @ VACUUM
Nus3ailt thaory (3 ussad for HG

Sl {(saszad on Paiukhov-Popov! = 2
Alpna {Sasad on Nussalit (Tdailr = @
Ennancamant (g3 = 2
Eanancamant (Cal-T) =
Cata Vi Us Ho
- (™73 {w/a~2-X) {Wim~2-K)
{ $.24 1.278E+Cs 1.3218+02
s 3.3 i .238E+8s 1.3332+83
2 7.28 i.136E+02 {.383E+02
3 2.73 1.1338+83 1. 335E+32
£ 2.22 1.063E+83  2.017€+34
8 1.89 3.554E+Q7 2.020E+0:2
7 .16 3.583E+G3 l.J37E+32
3 i.18 3.THIE+S2 2.34%E+82
3 1.83  3.8828+07 2.931E+22
13 2.22 1.8687E+04 2.313e+82
HH 2.78 1.1352+82 1.374E+G2
12 3.23 i.133E+02 1.372e+83
i3 7.8¢ 1.23TE+GS 1.23TE+SS
13 .34 12712404 1.313E+82

t~-3quarss lina *or § = asgalia-v
s 7,3821£+32
=

7.53%%¢-3!

NCTE: 14 data points wars storag (n

84

Cata takan oy T MEYER

This anaiys3ia Jens on ?iis : AL!

This analysis tnciudes and-?in affact
Tharmal conductivity = 271.8 {¥/m.X
Insida diamatar, Ct = 12,73 (an)
Cutsids diamatzr, Co = 12.33 {(mn;
ThHi3 analysis u3ses tha CUARTZ THERMOMETE
Modlfisd Patuknov-Popgv coaffiLciant =
Using HEATEX :in3art in3ide tuds

AR FINNET

-~

o
*

~3 &3 44N

(€]
[

86E+2S

.533E+35
2.J12€E+25
2.324E+3S
2.548E+2S

8 L4 4§ L
03 &) 1d (4 4

3

iia ALl

NCTZ: 14 X~ pairs wars storad in data "Llis
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tact

HERMOMETER rsadings

*
]

-
1

tha GQUARTZ

ma& : CORPALL
onductivity
13 uses

s C

This analysis incluces snd-7in 3
harma
inside 3diamatar, Ci

-

[

Jata takan oy

Thi3 analysis dons on 7t
Cutsida Jiamatasr, 0O
This analys

TE: Program

¢
1)
=
»

Modi?iad P3tuanhov-2opov

Using HEATEX in3ar

inst
ALUMINUD
T VACUUM

-
-

an

-
.

MSN

-
-

nharnc
Tuba materisi

-
-
-

-
-

{sasad on Paiukhov-Pspov)

ennancamant
nnancaman

(=
-

"-
(3]
-

2
(&)

Ho

5]

Yu

"

<«

-

Q

o

-

QO

4“*

(&)
to

co
A4

w0

[ ]

w
t~

At

€+35

[
-
(o]

LD

1.811E+83
1.384E+04

1.963€+34

| &d

.
(g

43.81
43.89

i.903E+04

[N

(4]
~t
&

o

~t

+2

w0

~!
£

r)

o

[1y]
+

€0
~t

t~
Q)

¢t~

t-
t-

(&)

wn

Lo

(444
-t

! a
AS

1

or g = asd
85

F

iins
3{3E+34

QeE-3!
X-Y pairs ware stored in data ¢

{4 data points wers storad
4

Laast-squarss
NOTE:

NQTE




NCTE: Program nama : CRPALL
Cata takan oy T MEYER
This analysis dona an ?ils : ALS

This anaiysi3 includes and-rin affzct
Tharmal conductivity = 271.3 {W/m.K)
in3i1ds diamatar, OL = {2.78 (min)
Qutstids ditamatar, OO = 13.88 {(mm)
This analysis usas tha QUARTI THERMOMETER
Moai?isd Pstukhov-Popav coafficiant = 2

Using HEATEX insart insida <ubs

TuGd Ennancamant ¢ RECTANGULAR FINNED
Tubs matarial T ALUMINGM

Praszurg condition @ VATUUM

Nuzsalt thaory i3 ussd for Ho

~4
0)

€L {(haszad on Paturnov-Popev’ a .77

Aldna {(tassd on Nussals (Tdall = 1.8320

Ennancamant (3} = 1.388

Snnancament {Jal-T) = 1.27%

Cata Vi Uo Ho Qo

: {m/3) {Win3-K’ tW/m~2-K) (W/m~2)
| 3.37 3.83%E+32 1.328€+34 3J.343E+CS
2 3.83 2.935i8+33 1. 3112404  2.324E£+05
3 3.3  3.2718E+33 1.32%e+82 2.379E+2S
3 2.77 3.990c+23 1.336E+84 2.762E+0S
S 2.24 3.536E+33 1.34GE+84 2.5158+05
] 1.7¢ 7.39:8+83 1.3322+84 2.3435E+05
7 t1T7 T7.32S8E+33 1.883E+84 2.217E+0S
] {07  T.3J18E+33 !.585€+34 2.218E+05
9 .78 3.3332+83 1.338E+32  J.231E+3S
19 2.4 3.548E+33 1.350E+Q@2 2.543E+085
1 2.77 8.897Cc+93 1.318E+Q@4 2.737c+8E
i2 2.38 3.2I7E+23 1.JVIE+G4  2.3318+85
i3 Z.33 3.3172+Q2 1.237C+84  2.33378+8%
14 .37 3.0Q85e+32 1.2788+84  2.983E+-0S

Laast-sguaras {ing for § = asgalia~T"h
a= 2,853:E+03
b= 7.5800E-Q!

NCTE: 14 data points ware storagd in 7ila ALS

NGTZ: 14 X-Y pairs wars storsd in data fils
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NCTZ: Pragram nama : CRPALL

Cata takan gy T MEYER

This analysis dons on 7ils : ALSHT

Thi3 anaiysis xnc;uaas and-fin a??3ct

Tnarmal conguctivit = 271.8 (¥/a.K

[nsida Jdiamatar, Di = 12.72 {(mm)

Cutsida Jiamatar, Co = 17.33 {mm)

This analysis usas tna QUARTZ THERMOMETER

Modi?iad P2tuRknov=-230ov ¢oet?viciant = 2
t

Using HEATEX insare
Tubs Ennancamant :

instige

4
re -

Tubs matsrial T ALUMINUM
2rassurs condiiion ¢ VACUUNM

Nusssit thsory 13 usad Tor Ho
Ci {Saseg on P3tukhov-2spav) = 2.
Alona {Gased on Nussels (Tdel!)! 2.
Znmancamant (g! = 1.
Ennancement (C0sl-T79 = 1,

cats Vi Uo Ho

3 {m/s3) {w/m 2-K} {W/n*2-K}

} 2,27 7.8422+Q3 3.532E+83

2 7.32 T.332€+33 1.8Q12+02

3 36 7.7128+03 1.30228+32

3 I drd 7.381E+33 1.3372+34

S a.2 7.3122+33 1.0258+04

8 1.7¢ T.Q32%€+3T {.Q76E+34

7 I rd §.338E+33 1L 1172+04

3 1,17 §.483E+33 i.1238+82

3 e} 5.363€+33 1.3638+82

13 s.e3 T.341£+83 1.8218+32

H 2.77 T.O18E+82 1 .O23E+22

is 3.29 7.330E+32 1.3338+Q2

1 2.3z 7.3012+22 1 .O81E+0s

HES .37 3.2302+832 3.3758+32
.383t~3quarss Ling for 40 vs § curva:

3.0n8 = 3.3008E+30

intarczpt =  3.3000£+00

ubs
3MC0TH TUBE
ot

== N O O
o &

]

(W/m*2)
2.332E+3S
o NGE%S
2.38QE+25

<,.350E+2S
2.243E+0%
S Il /EXRS
1 .34SE+TS
1 .353E+8S
2.1338+35
2.2T3IE+QS
2.335e+Q¢
2.4372+Q5
2.438E+3S
2.438E+@S

Lsast~-squaras lina for 3 = as*sdalta~-T" 4

2.2430E+Qs
7.3900E-31

3=
s

NCTE: t3

NOCTE: 13 X-Y Dairs wara storad in

87

wa&r2 storsg in fila ALIMT

; .
data fils
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NCTE: Pragram nama : CRPALL
Gata takan by : MEYER
This analysis dona on flla : ALiISBA
This analys3is 1ncludas angd-fin affece
Tharmal conductivity 3 231.3 ($inm.K
Insida diamatar, Of s (2,72 (mm}
Cutsiga diamatar, Co s 13.38 (mn;
This analysis usas tha QUARTZ
Modified Patuiknhov-Pogov uoaffzcxan. =
using HEATEX insart insids tuba
Tubs Enhancamenrs T RECTANGULAR FINNED
Tubs matarial $ALUMINUG
Prazsyre congition A«HGSPHERIC
Nussalit thaory (3 usad 7or Ho
C1i {Sasad on Paluinov~Popav) = 2,8737
inha (tassd on Nussalit {(Tdai)) = 1.3023
Ennancamant {3’ = 2,327
gnnancamant (Osl-T) = 2,228
Cata Yu Ua Ho 1]
H {mis) {W/m~2-K} 1wim*2-X3 W/~
! 3.33 1.A33E+403 1.3738E+Q2 (. (3ZE+06
2 2.88 1.457E+@4 0.3458+@2 1 .099E+CG
3 3.2 1.336E€+Q2 ...sqe+e- 1 .082E+08
3 2.7 1LI41E+DS o.544E+82 1.288C+26
5 2.22 1.2488+33 2.57TE+B84 3.313E+0S
-] 1.83 1LIS3E+8s Z.8T1E+Q4  3.336E+2S
7 1,18 2,3S3E+Q7  3.327E+04 T.334E+0S
3 1.8 3.348&+87 J.9118+03 7.328E+8S
3 {.8%3 1.1238+@2  2.8555E+84 8.334E+3S
i3 2.a2 1L.o238404 2.5TiE+GS  3.300E+8S
T 2.73 1.3278+34 2.333E+%2 3.333c2+35
12 3.27 1.333E+82 2.343E+32  1,345c+30
13 3.3% 1.38GE+88 2.351E+%2 |.035E+38
14 2.33  1.308SS+82 2.313E+QS [ .120E+CE
L2ast-sguaras ling for g = asdalta-T"9
a= §,3638E+32
3= 7.50800e-3!
HOTE: 14 data points wara 3torad in fila ALISA
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i34 X-Y pairs wars storsd in data *{i

Se?

Tef

(%}
27.25
22.93
iz.e2
33,84
38,14
31.43
24.27
24.32
Jt.85
36.18
73.78%
32.57
33,49
25.42
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NCTZ: Pragram nams : CRPALL
Cata taian by s MEYER
This analysis dona on fils : ALIZ5EA
This analysis includas ang-fin afiact
Tharmal conductivity 2 2371.3 {(W/m.K)
insica diamatar, C1 = 12,78 (wm)
Cutside diamater, Co 2 12.38 (mm;
This analysis usas tha QUARTZI THERMCNHETE
Mocifiad Patuknov-Popov coafficiant =
Using HEATEX tnsar: inalds iuts
Tube Enhancamant T RECTANGULAR FINNES T
Tuba matarial T ALURINGH
Pragsurs condition ¢ ATMCSPHERIC
Nussalt thaery i3 ussd vor Ho
1 {hasad on PatuRhov-PoGov!’ = 2.3%237
Alana {(Saszad on Nussaslit (Tdal)) = 1.5883
Zsnancamant (3’ = 2,453
Enhancament (Qal-T) = 1,382
Cata Vu Uo Ho Qo

-
>

s LI FI) =+ DWW O -0 UL §» L3 DD -

4
)
3
?
»
)
xR

{m/s) {4/m~2-K) {Wrac2;
$.34 J323E+34  T.347S+03 1.QZ2E+IG

{
1.3
3.81  1.28%€+@4 2.953E+0: 3.855E+0S
1.2
i

3.2 L230E+82 2.378E+04  3.4327E+AS
2.73 Li30E+34 2.120E+34 3.106E8+3S

2.22  1.1268+04  2.215E+04 3.3%TiE+0S
1.683 1.327E+Q4  2.288SE+04 7.7334E+CS
.18 3.333E+Q3  2.8523E+¢4 5.313E+CS
.18 3.333E+03 21.378E+83% 135.328E<25

-

1.83 1.3788+32 2.333€+32 7.3072+8S
2.22  1.123€+84  2.235E+083 3.553e+0S
2.7 1.1368+82  I.158E+@s 3.237E+3S
3.23 1.253E+83 2.133E+03 3.7JIE+LS
3.8 1.J21E+32 2.2962+04 1.TQ3E+D6
4,34 1,343E+04  2.028%E+33 | .Q36E+36

Laast-3quarzs lina for 3 = asdaita~-T Y

a:
u s

NCTE:

NGTZ:

S.5433€E+0Q4
7.5380E-9!

14 gata points wara storad in file ALIZSA

14 X-Y pairs wers storag in data fila
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ad
)

fo k]
el

Ennancamant (g’
Enhancamant {0al-T)
Cata Vi

s {im/3’ w/m

i 1.32 .46

o 3.73

3 3.28

3 °.74 s

s 2.al

8 {.688

7 1.8

3 .18

3 i.83

13 el 232

HH 2.73 .322

i 2.28

v 3.78

14 2.3
L3ast-3quarass

as §5,39828+03

b= 7.58002-31
NOTE:
NCTZ:

-9

{ga3ad an Pstuknov-Po
Alpha {5asad on Nussals

1 Program namé
Cata takan by
This analysis dona on fils : ALIA
Thiz analysis includas and-fin
Thermal conductivity
{nsids diamatar, Ct {
Qutsida diamatar, Co {
This analysis u3as ths GQUARTLZ
Modifiad Psturnov-Popov coef?

Tuba Snhancamant
Tuba matarial
Praz3ura condition
Nu3salt ineory 13 usal for HoO

.332E+04

~ g,
atan

A

1

1

{
1.138E+84
i .SUBE+CS
' L OBAE+DS
{.1368+03
'
[}

[}

L405E+02
. 435E+82
.433€+82

-
.
-
.

2o
R
[

CRPALL

-~
® o

C
w
-
2
[ ]
y
m
>
-4
m
>€£
-
2
»
[
|
23
e
pe |
[T
-
[}
[
e d
[
[« g

ALUMINUGN
ATHCSPHER

v
- 1]
g8l )

LI ]

[ I o IR (P ]

Ho
{Wime2-K>
2.233%c+04
2.3522+94
2.378E+84
2.311E+C3
2.32928+34
.353E+23s
2.367E+G4
2.853€+02
2.347E+04
2.3452g+04
2.3318+082
2.4Q2E+02
2.333E+04

- -
:'.-3:4.54'6"0

90

¢ MEYER

- 0o
avi

1.3

A & al
A

L7035
.8235

- e
« 1O

[N ol
« 19

]

(8/m 2
1.882E+26
{ . 3858+38
1 .3128+38
.813E+65
2ETE+DS
JE+SS
E+3S
QE+IS
2E2+0%
E+3S
8E+QS
.B12E+QCE
.3418+06
.388E2+086

- L4 YN

-
¢
]
4

.t
.
'
[}
]

.3
.5

- -s O) V)

—e e = WO O - ~)OO W

ling for g = asgsita-T°'d

14 data points wers storsd in fils ALIA

14 X-Y pairs wars storeg (n dats flls

gading
55157
g
Te
(C
27.42
33.38
32.81%
32.38
38.57
31.33
24.38
24.95
J2.26
36.88
33.338
2.2
23,58
35.13

.

-~

- 0 0 () w

[T ]
S W&
QW - 1

—

139.93
189.2
120.039
198.18
33.99
188.14
138.99
99.35
138.3S
130.23
180.84
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NCTE: Pragram nams : ORPALL
cata takan Qy : MEYER
This analysis dona on ftis : ALTSA
This analysis tncludaes ang-fin affact

Tharmal conductivily = 231,383 (W/m K

Ingics giamstar, Ot s (2.7C (M

Sutsids giamatar, Co s {7.83 {inm)

Thi3 anaiysis usas tha QUARTI THERMGMETZR r2adings
Mogtfi1ad Paturhov=-Ponov coaffioiant = 22,5300

Using HEATEX insert 1naide tude

Tuba Ennancsmant : RECTANGULAR FINNED TugE
Tuba matearial T ALUMINUM

Pma33ura condition : ATHCSAHERIC

Nussale theory L3 usad for Ho

L {sasag on Patukhov-Popov) = 2.3793
Aizna {hasad on Nussslt {(Tdaliy = 1.433s2
Ennanczmant {3} = 2,112
Ennancamant (Sai-T) a 1,732
Oata Uu Uo Ha ] Te? Ts
H {m7a) (W/mZ-K) {(W/in2-K} {Wrme2) (Cs {C
i 1.34 1.2352+G4 1.743E+82 3.531E+3S 54.38 33.%
2 2.8¢ 1ol TEFGS 1.7338+34 3.312E+QS 52.73 18%.92
3 3.2 1.1839E+34 1.821E+84 3.173E+QS €3.38 33.98
3 2.7 1. 1308E+04 {.83368+34 3.801E+8S 47.33 18217
5 2.22 1.085C+82 1.3738+02 3.231E+8S 14,12 33.7
5 1.83 1.911E+04 1.388E8+82 7T.T721E+Q5 33.33 29.32
7 P 3,1838+03 2.1508+9s 5.3338E+3S 32.%4 190.88
3 1.15 2.2928+@3 2.148E+Q2 5.3922+3S J2.13 1¢9.'5
| i.63 1 . 906E+B3 1.34S8+84 7.594E+CS 33.57 24.33
'3 2.22 1.8338+02 1.310€+32 3.223€+2S 43,15 128.2S
i 2.7% 1. 183E+33 1.337€+04 3.352E+3S 47,18 22.3%
12 3.28 1.1858+34  1.811E+G2 3.133E:35 33.57 23.133
i3 3.3 1.2236+34  1.8Q07E+Q4 3.484E+Q5 22.48 18%.11
12 .24 1.2558+04 1.735E+%s 3.833E+25 £4.25 139.9

Laas<-3quarss iina for g = aegalia-T"s
a s 4,3937E+04 -
8 = ?7.500%:-0!

NOTE: 4 data points wara storad in ?ils ALTSA

HOTZ: 12 X-Y pairs wsrs 3torad in gdata fils
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NCTE: Program nama : CORPALL
Sata takan by : MEYER
This analysis Jone on "ils : ALSA
This analysi3 inclugas andg-rin af7act

Tharmal conductivity s 231.8 (Win, K}
natda diamatar, 0L =2 {2.73 {(am)
Cutside diamatar, D0 = 12,883 {am;

This analysis usas tha QUARTI THERMCMETER ra3adings
Mogtfiad Patuknhov-Popav cosfficiant =z 3,500
Using HEATEX (nsart insida itubd

Tuca Enhancaman? 1 RECTANGULAR FINNED TUBE

Tuba matarial s ALUMINUS T
Pragsurs Sondition : ATMOSPHERIC

Nussalt thaary (s usad far Ho

€1 (dasad on Pstukhov-Popov) = 2.933%
Aloha (8ased on Nussalt (Tdsll: = 1.1382
Zrnancamant (3! =2 1,424
Enpancamant (Jal-T) = 1,232

Data Vu U0 Mo an Tef Ts

: imis {(W/m~2~K:} {Wim~2-~K: {W/m"2) {C) (C)

! $.35 3.7348+23 1.03G8+82 7.7452+3S 81,13 1238.234

2 3.82 9.8378+@3 1.273E+04 7.337S+0S 53.35 122.3%6

3 3.2 3.I72E+Q3 1.2878+82  7.333€+2S 87.31 33.7

‘ 2.7 3.180€+02 1.313€+82 7.281E+85 34.8: 33.32

S 2.23 8.758E+93 1.325e+04 §.357£+35 S1.73  33.73

2 VLT 3.227+83 {.382E+@3 G.429E+QS 37.57 29.36

2 1,47 T.837TE+Q2 1.4328+04 5.9422+8S 33.79 23.8%

3 1,17 T.838E+23 1.330E8+82 5.339E+25 79.82 332.3:2

3 1.7 8.2822+82 i .J68E+04 ©5.438E+QS $7.42 39.3%

{8 2.273 8.5362+02 1.3138+84 &.83GiE+3S 2.27 188.:7

i 2.78  3.181E£+03 1.315E+82 7.231E+85 55.27 100.3%

ia 3.29  2.28972+83 1.283E+84 T.347E2+0S 37.95 i13%.1s

13 3.82 3.8%82+¢3 1.273E+G4  T7.53¢E+05 23.35 130.33

14 .38 3.582€+@83 1.253i2+84 7.848E+05 1.1 129.1:8

Lsast~sauaras ilins for 9 = asgalta-T"d
as J.374TE+33

2 = 7.S000E-3)

NOTE: (4 data goints wers siorsd in ?ils ALSA

NCTE: 13 X-Y pairs wars storag in dats fils
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NCTE:

Pragram nama : ORPALL
Sata takan by

Y
This analvsis dona on fila : ALS
3

ot 4
m
(1]
]

Thi3s analvsis inclucas and-fin Tact
Tharmal conduciivity 2 27,3 (W/m. %)
insigds 3diamatar. Gi = 12,72 (mm;
Cutstica Iiamatsr. 0o = 137.33 (am:
This analvsis usas tha QUARTZ THERMOMETER rzagincs
Modifiad Patuiknov-Popov coafficiant 2 2,288
Using HEATEX in3zart in3ids tube
Tuta Shnancamant T SMCCTH TUuBE
Tuba matsrial  ALUMINUS
Prassurs concitiom : ATHCSPHERIC
Nussall thaory (3 usad 7or Ho
C. {basad on Psztukngv-Pogaov) = 2.376¢
alpha {(basad on Nussal: (Tdal)) = @Q.3558!
Znnancamant {(Q! 1.313
Zanancamant {(C2i-T) = 1.3C7
Cata Vu Ua Ho G Te?
~ {m/s; {W/m 2-K3 {18/m 2-K) {(W/m 2 ie)
| 4.38 T.338E+82 3.1S3E+BT 5.3:122+35 55.62
2 7.32 7.528E+83 3.333E+83 §.8S3c+6S 33.78
2 .o 7.335e+23 3.883c+37 §5.0028+05 §2.13
3 P T.233€+33 3.8325+87 35.82i2+8S 83.25
] 2.27 T.2232+82 1.80E+0s S.TI0E+SS 37.19
8 1.7 5.386E+83 1.9228+08 S5.3413E+QS 83.%1
7 117 §.421E+83 1.Q7SE+Q2  5.3Q3E+9S 25.53
3 V.17 B.317E+83 1.37TIE+GS  5.302E+2S 45.83
9 i.7¢ 5.336c2+237 1.022%+82 5.317C+QS 53.2¢
o} 2.23 7.138E+83  3.333E+07 5.685E+25 37.4
H 2.7 TI2TE+GZ  3.327E+3Z S.301E+05 53.27
i Jea 7.582E+83 3.706E+Q@27 §5.333E+3S 52.:2
i3 3.82 7.863€+83 3.358e+8F 5.832E+85 32.82
12 3.25 7.8338+97 3.3862+Q93 35.196E+3% 33.95

L3as*t-5quaras _ine for Ho vs 3 zurva:

3.3000E+30
3.9000E+09

3iapse =
Intarcapt =

(3a3¢t-3quaras Line for qg = ardalia~-T

a s 2,7275E+Q2

3= 7.5300E-3
NOCTE: 13 Jata sSoints wars 3torad in fila AL3NMTA
NCTE: 14 X~-Y Bairs wars storsd in data fiis

93

~a

W w
0) 3 w -~ -4
TR NE NN e N

W WD D 6D 6D W &) ) €D &Y W L) W)

WD W W E W MW S E
[o)] (-]
w0 [+

[}
pery

« dm

— -
o . -

-~




NCTS: Pragram name : CRPALL

Qata takan by : MEYER

This analysis cona on filsa : CNiIS

This analysls includas ana-fin alface

Trarmal sonductivity a2 53.7 {4/m.X)
Instda diamatar, Cf = (2.7 (mn!
2

Cutslda diamatar, Oo 12.88 (i}
This analysis usas tha QUARTI THERMCMETER r=adings
Modi?iagd Patuknov-Popov Joaffictan: = 2.333%2
Using HEATEZX insert (nsids tuda
Tuba Enhancamant ¢ RECTANGULAR FINNED TUBE
Tuba matzrial T 30718 CU/NI
Praz3ura condition @ VACUUM
Mu3szalt thaory is usad for Ho
C1 (5aszad on Pstukhov-FIpov! 2 2,332
Alpna {Sasad on Nussalt (Toellr = 1.1136
gnnancamant (§) = },333
Ennranczmant {Dasl-7) = .33
Gata Vi Uo Ho (]! Te? Ts
: {mi'3} {Wim~2-K {W/m2-K {W/m~2; {C} (g
1 $.28 3.331E+33 1.473e+84  2.853E+QS 13.43  43.53
2 3.87 3.186e+33 1.4625+84 2.734E+98 i8.84 323,52
2 3.36  3.382%+33 1.338e+82 2.737C+0S 18.11 43.43
4 2.77 3.372E+83 1.823E+84 2.514E+085 17,16 33.95
] 2.27 3.2TiE+02 1.354E+83 2.3772+Q {15.93 43.81
] 1.78 7.53238+83 1.883E+ a- 2.238E+85 14.32 43.74
7 1.17 B.330E+33 1.723E+2 2.837E+388 A 33.33
3 1.17  6.8352+@3 1L.TA2ES a. 2.340E+95 T 43.38
3 1.7 T7.706E+33 1.833E+@3 2.323€+0S 14.24 48.33
1e 2.27 8.233E+Q3 1.3752+82 2.512E+08 15.9% 33.73
Y 2.77  B8.754E+Q32 1.58%E+34 1.863%+9S 7.8 43.83
12 3.38 3.183€+32 {.5335E+84 2.732E+6S 18.97  33.73
i3 7.82 9.51%3€+03 1.548E+04 2.381E+3S 13.84 13.3@
14 $.28 3.328e+33 1.473E+Q2  T.334E842S 13.56 43.37
.3ast-3quarss lina for 3 = 3+¢g8lia~7T"%

a = 3.1335e+04
8 = 7.388Cc-¢!

NCTE: 14 data points wars storad (n fila CNiIS

NGTE: 14 X~-Y pairs war2 storsd Iin J3ata *iis
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N

TZ: Pragram namé : ORPALL
Oata takan by

This analysis

dona on Pils

MEYER

c

ase
DR

THi3 analysis tncluges and-7in sffact
Tharmal conductivity x= 55.3 (u/m.X!
tnside di1amatar, GL = {2.73 (am;
Sutsida dJiamatar, GO = {7.83 (mam)
THi3 analysis usas tna GUARTZ THERMCMETER rsacings
moci?ia8 Patuinov-Popov coe?rficiant = 2,33Q2
Using HEATEX insart in3ids tubs
Tyca Znhancamant : RECTANGULAR FINNEC TuBE
Tusa matsrial : 3Q/18 CU/NI
Arz3zaurs condLiion ”ﬂ”UUﬂ
Nu33&Llt smaory 13 usad for Ho
i {5asad an Patukhov-Ponov) s 2.3782
Alpna {5asad on Nussalt (Tdell) = 1.3985
Snnancamant (3} = 1,425
Enhancamant {Dal-T! 2= 3,384
Cata Vi Vo Ha Gn Te?
s {m/3; {(Wim~2-K} (Wim~2-K/ {8/m~2) {C)
i $.38 3.133€+E3 1.3368+82 2.853E+3S 13.86
P 3.833 8.223E+G3 1.3528+84 2.8Q07E+0S 19.25
3 7.2 3.351E+03 1,4198+04 2.518E+QS 13.42
d 2.78 3.831E+33 1.3335+@4 2.8512E+QS 17.83
5 c.23 3.3J%8E+832 1.4778+84  2.409E+CS 18.3¢
5 .72 T7.38:iE+03 1.5358+Q4 2.282E+4Q5 14.73
7 1,17 5.3352+93 1.6818+34 1.3372+2S 12.4)
3 11T 8.323E+83 1.5325+82  1.38QE+QS 12,42
3 & B S et L X 4 1.3158+@4 2.247E+85 1$.32
19 2.23  8.333E+483 1.3888+34 2.432€+8S 18.34
H 2.78 3.720E+33 1,4518+84 2.5482+@S 17.33
132 3.38 3.290E+83 {.455E+82 2.576E+GS 18.323
12 3.33 3.23%E+03 1.3278+04 2.722E+3S 13.87
1e $.28 2.5182+33 {.4268+04 2.737E+QS 13.82
L3ast-3guarss lina for q = asdaita-T"0
a = 2.9833E+34
9= 7.5808%¢€-2!
NOTE: !4 data goints wers storsd in fila CNI
NCTE: 4 X-Y pairs wera siorsg in 3Jata fils
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NQGTE: Pragram nama : CRPALL
Cata takan dy T MEYER
This analysis dona on 7{ls ¢ CN7SR
This analystis tnciludas anag-fin sffact
Tharmal conduativity = 33,7 (4/n.K
insi1da diamstar, Ot ® {2.7¢ (mm)
Sutsica Jiamatar, Co = {3.33 (anm}
This analysis usas tha QUARTI THERMCNETE
Madi’lag PAatukhov-Popov coaffisiant 2
Using HEATEX i(nzart insids tuba
Tupa Snkancamant : RECTANGULAR FINNED
Tuba matarial : 38712 CU/NI
Prassurs conadtiion ¢ VACUUM
Nuasaslt theory 13 uzad "or Ho
¢1 (S33ad on Patukhev~-Papov! = 2.719%
Alana (hasad on Nuszsslt (Tgsl)) = 1.3377
Enhancamar: (g’ L A
Ennancamant (TCal-T!) = (.23
Cata Vi ue Ho [+
: {3 {W/m~2-K (W7 "2-K) IW/m 2
: $.27 3.336E+03 t.238E+08 2.745E+85
2 J.83 3.739e+83 1.312E+82  2.724E+05
2 7.38 3.833€+23 1. J4GE+34  Z.843€E+83
4 .77  8.3852+83 1.333E+85 2.573E+48S
] 2.24 3.378E+83 1.206E+04 Z.331E+QS
a 1.7 7.873E+¢3 1.4388+04 Z.J31E+D5
? 1.17 §8.7352+02 1.317E+84  2.953E+QS
3 1,17 §.308E+Q37 1.827€+82 Z.96i2+08
3 1.7 7.639E+83 1.4922+84 2.3373E+8S
18 2.2% 3.171E+@3 1.4352+34 2.537E+85
1] 2.77 3.SS8E+Q7 1.A11E+#Q2  Z.811E42S
12 3.30 3.8552+02 1.334E+84 2.TC4E+QS
'3 3.37 2.137E+Q3I 1.3372+84 2.332E+QS
14 $.37 2.1552+33 {.346E+88  2.327E+35

cr

L2ast-s3guaras lins for o = asdaila-t"

a s 2.33438+04

b= 7.5380E-3!
NCTE: 14 data points wars storad in f1ls CNTSR
NOQTE: {3 X-Y pairs wars storayg in dats fils
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NOTES: Arggram nama : ORPALL
Data takan oy 1 MEYER
This analysts done on 7ils : CNS
This analysis includas sng-fin sffsct
Tharmal conductivisy 2 935.7 (4sm.K)
inaids diamatar, Of =2 12,78 tom)
Sutsids Siamater, 00 = 13.83 (am)
Thi3 analysis usas the QUARTY THERMCMETZR raadings -
Modifiad PITURNGV~POROV coetdizlant = 2.3000
Using HEATEX imsart 1nsids tubs
Tuba Enhancament . RECTANGULAR FINNED Tuge
Tulle matzrial + 38/13 CU/NIT
Arzzsurs songdition ¢ VACUUM
Nussalt tneory 13 used 7o5r Mo
Ci {9asad on Ratukhov-Pgpav: =2 22,7843
Alpha (Basad an Nussalt (Tdsli’) = 2.3487
Ennancamant (3! = 1,235
Ennancamant {(Cal-T) a2 i
Data Ve 11.) Ho Gp Te? T3
: inrs: {W/m~2-X} (W/m 2-K3 {W/m~2: (S {Ci
i $.37 8.428E+83 1.1348+84 Z.853E+8S 22.23 43.72
2 J.83 3.348E+22 1.213E+84 1.5358+8S 21.79 43.34
3 J3.38  §.133E+83 1. 2328+82 2.582%+3S 29.36 23.9¢
3 .77 7.363E+33 1.257E+84 2.495E8+23% 13.32 43.38
5 .24 7.582E+33 1.23%€+C2 2.337E+0S 18.83 43.89%
3 1,73 T.i1T73E+33 1.3058+84  2.229€+0QS 7.8 23.52
7 1.7 8.338E+87 1.3722+82  2.30Q6E+35 14.83 23.7%
3 1.17 §8.528E+337 1.3338+@< Z.008E+8S 14.52 43.52
3 1.7 T7.281E+33 1.aT3E+Ss  1.2292+05 1T.34 43.3%
13 2.2% 7.601E+32 {.26848+84 2.333c+8S 13.323 23.73
i 2.77  T.3262+03 1Lo%3E+84  1.333E+8S 29.3%1 43.58
12 3.3 3.253E+33 1.239E+84 2.371E+05 29.83 48.33
13 J.8% 3.231E+83 1.2018+84 2.3372+88 21.83 43.82
1 4.37  8.37TE+QC3 1.132E+834 2.343JE+Q5 22.38 43.32

t.aast~squarss iina for 3 = asgalta~-T 4
3 3 2,83378c+%2

8 = 7.3000C-91

NQTE: 14 data points wara storad in fils CON

NCTE: 13 X-Y pairs wera storsd Iin data ila
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Program nams 1 ORPALL

Cata takan by : MEYER
This analysis dona on fils : CNISA
This analysis includas sand-fin affact

Tharmal conductivity = 55,37 (W/m.K)
Insics diamatar, Ci 2 {2.73 {mn)
Cutstids dJiamatar, Co =z 13.38 {(am]

i

{
This analysis usas the QUARTI THERMCMETER
- - ™
] -4

readings
Mocifiad Pastukhov-Popov coatiiciant .332¢
Using HEATEA insert in3ida tube
TuDa Enhancamant : RECTANGULAR FINNEDC TUBE
Tuba matsarial : 38/18 CUMNE
Apagsura condition @ ATHCSPHERIC
Nussalt theory -i3 usad for Ho
C¢ t{3asad on Pziukhov-Pogov) = J.,1872
Alpna (basad on Nusseit (Tdel’’ = 1.5328
gnnancamant (q) = 2,237
Znhancamant (Sal-T) = }.327
Oala Vuw Yo Ho #1] Taf
* Im/3) {8/n2-K} {Wim2-K! {%im~2} (G}
t 3,33 t.183E+34 1.885E+84 3.212E+9S 33.83
2 Z.818 1.187E+Q4 1.830€+34 3.313E+35 47.88
3 z.28 1.148E+23 1.93215+84 3.3272+35 45.46
3 2.7% 1.112E+Q4 1.973E+84+ 8.383E+85 33.23
] c.a2 1.0622+83  2.3332+33 3.122E+QS 33.386
5] 1.83 1.3045+83 2.143E+84 T.610E+dS 35.43
7 i.18 3.290%6+03 2.306E+82 B.7TIE+IS 23.44
3 1.18 3.3825+@3 2.277S+@4 5.761E+QS 23.89
3 1.69 3.3:58+0%7 2.033E+B2 T.S51E+ES 78.36
] 2.22 1.8718+84 2.3S3E+Q2 3.235E+0QS 33.293
i 2.79 1.131E+33 2.3425+04 3.TITE4QS 42.83
12 7.23 1.181+84 2.33682+32 3.139E+Q5 32,75
i3 .81 1.217E+84  2.021E+02 13.367E+Q€S 8.34
14 2.34 {.2232+Q4 1,379E+@4  3.511E+05 13.986

{3as3t-squaras lins for g = ardalia-T"d

a =
g =

NCTE

NCTE:

5.1647E+34

7.3300E-3!

14 data points uara storsd 1n fila CNiSA

13 X-Y pairs war: storsd in Jata fils

28

(3]

r =3 W —~ 7 -1

I N e T

O W w

120.23
128,143
128.29
120,17
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NCTZ: Pragram name © CRPALL
Cata takan by T MEYER
This analysis dome on file : CNiIA
This analysis (ncludas snd-fin a7vact
Tharmal condustivity = 35.7 (W/m.X!
In3ida Jdiamatser, Ot = 12.72 (mm}
Cutsida diamatar, 00 = {3.38 {(mm;
ThL3 anaiysis usss the QUARTZI THERMCMETER rszadings
Modgifiad P3tuRhov-Aopav coarficiant = 2.5302
Using HEATEX inmsart Iinsigs tuba
Téba Ennancamant T RECTANGULAR FINNEN TUBE
TuGa matsrial : 38718 CU/NI
Prazsurs condition ¢ ATMOSPHERIC
. Nus3alt theory 13 ussd for Ho
CL {(zassd on Pziuknov-Popov ) = 2.8623
Aimha {53330 on Nusaslit (Tdel!i) = 1.2772¢
Enhancamant 1) =2 1.3397
Ennancamant (Jsl-T) = {1,514
Qata Vi Uo Ho [*1) Ta?
s {n/3) {Wim"2-K) {W/m2-K! {W/m 2 {C;
i .39 1.963c+84 1 .640E+84 3.3714E+0% 52.73
2 7.3 1,853+ {.633€E+82 3.208:+0S 33.5¢
3 2.28 1.9375E+33 1L727E+BS4 3.B13E+E8S 438.4%2
i 2.78 1.0082E+Q2 1.790E+84 T.728E+8@S 41,15
3 2.22 3.8382+83 1 .776E+34 T7.29%E+3S 21.29
8 1.83 3.843€+Q2 1.8312+82 &.3542+35 76.24
s 1.18 8.26835E+83 1.338€+84 S.068E+QS 38.35
3 1.18 3.082£+83 1.382+84 §5.06352+@S 70.45
3 1.83 8.342c+832 1.837E+32 5.734E+QS 36.73
13 2.22  3.838c+83 1.887+34 7.385E+25 49.73
e 2.75 1.817E+QS 1.733E+32 7.7T2E+TS 17.438
{2 3.2 { .Q53E+03 1.784E+84 3.242E+08 43.87
] 3.3 1.377E+02 1.728€E+84 3.21SE+@5 37.83
S .32 i .936E+84 1.7222+94 3.387E+3S 317
Laast-squaras lina for q = asda -T°b
a = $,54338E+04
5 = 7.5383%e-31
NQTE: 14 data points wara starsd (n fi1la CNIA
NQTE: 14 X-Y pairs wars stored (n data ftila
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NOTE: Pragram nams : CRPALL
cata taksn by T MEYER
This analys3is dons on file : CNT3AR
Thi3s analysis inciudes ang~fin affact

Tharmal conductivity a2 55,7 {¥4/m.X)
ingids diamatar, Ot 2 {(2.7C {(mm;
Cutsids diamatsr, CO = {2.38 {(am)
This analysis uzes the GQUARTI THERMCMETEZR raadings .
Mogifiag Pzilurnov~Popov coafviciant = 2.53Q2
Using HEATEX inaart insids tuna
Tuts Ennhancamens T RECTANGULLA NNED TUBE
Tuba matarial ¢ 39719 CU;:I
Prassurs congition : ATMOSPHERIC
Nussalt thaory i3 used for Ho
Ci {basad an Patukhev-Papov) = 2.3371
Alpha (pasad on Nussalt {(Tagald) = 11,2338
Znhancamant 3! = [,.753
Ennancamant {(QJal-T) = {.321
Cata Uu Ua Ho Cp Te? Ts
s {m/3} ($/m~2-K} {W/n~2-K) {W/a~2) (C) {C)
) $.35 {.0268c+02 1.581E+04 3.187E+95 2.32 4%.43
2 J.82 1.82%€+34 {1.58i8+82s 7.3392+05 2.2 33.82
M 7.2 1.814E482 {.84CE+82 7T.366E+0S 37.3¢ 32.85
< .7 3.537E+832 1.618E+32 7.3372+0S 48.87 183.33
E] 2.23 3.IT1E+S3 1.863E+82 7.2372E8+0S 43.32 1808.328
-] 1.83 3.887E+83 {.630E+34 S.833E+Q5 23.40 188.:12
7 1,16 7.867€+82 1.838E+32 5.32TE+®S 32.67 13¢.i3
3 1.18 7.331E+83 1.83638+82 §.343E+8S 22.% 198.13
3 1.7 3.8326+Q2 1.T00E+34 5.537Z+85 33.33 1¢e.:3
19 2.22 3.2372+32 ' .580E+24 T.135€+0S T.2 33.132
i 2.75 3.8875+32 {.523€+34 T.5J2E+05 46.25 323.136
12 3.2 1 .3C3E+02 1 .G3QE+33 7.8352+88 $3.32 _,.3”
13 2.31 1.917E+Q2  (.§712+683 7.3232+38S 23.456 1390.38
S $.24 1.J29E4+04 1.541E+02  7.396E+8S S1.3¢ 33.8@

tLaast~aquarsas lina for 9 = asgasita-T°Y
a s 4,268768E+08
b = 7,.5300E-¢!

NCTE: 14 data goints wers 3torsg in fila CNTSAR

NCTE: 14 X-Y pairs wars 3:0rad in data fila
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NCTE: Program nama : ORPALL
Cata takan by

T MEYER

This analy3i3 dons on fils : CNBA

(X}
M

~ &) ~) L4 0OY )

lu’llﬂ#htdt

QA 'UY ~3 6 § C3 $o

CY W Ul $ O O -3 ¢

nu
e

w
w
(4]

&
(& ]

DWW B W S
VW & &
“hodr

~3 0) & -~

This analy3is includes ang-fin aftace
Thermal conductivity = 35.3 {(W/n.K
Ingide diamstar, Cf = 12.73 (aAm)
Qutside diamatar, GO = 17.33 {(nm;

- This analysis u3as tha SUARTZ THERMCMETE
Modifiad Patukhov-Popov coafficiant =
Using MEATEX insart insids tuba
Tubs Ennancamant : RECTA?GULaR FINNED
Tube matartial : 38718 CU/NI
fragsurs sondit ar : ﬁ.nu;Ph’R C
Nussalt thaory i3 a3 for He

CL {(ha3ad on Patukhov-Papov) = 2.3432
Alaha {hasag on Nussait (Tgaill = 1.1257
Enhancamant (3} = 1,454
Ennancamant {(Sal-T) a {,32%
Oata Vi Uo Ho Gp
H {m/3} (W/m~2-K} 8/ 2-K; {W/m~2)
} $.36 3.30CE+32 {.278E+32  7.28%E+QS
2 3.83 3.32SE+83 1.303E+Q3  7.132E+05
3 3.3¢ 83.731€+82 1.226E+84 7.8312+08
L 2.77 38.39S8+037 1 .JI3E+YL  5.888E+DS
S 2.23 3.232:+03 1.373E+Q4  B8.5872+2S
3 1.78  T.823E+83 1.431E+34 38.213E+@S
7 1R s 7.""+04 1.3622+32 S.333E+3S
3 11T 7.225E+82 1.9536+84 S.881E+8S
3 1.78  7T.873E+G3 1.3472+Q4 5.2322+25
19 2.23 3.3J1SE+QT 1.336E+92 §.823E+8S
1 2.76 3.833E+87 }.380E+Q4 §.363E+05
i2 z7.29 3.17QE+G3 1.313E+G4 7.JI10E+0S
13 3.82  3.234E+Q3 1.37T3€+84  7.330E+CS
13 4.368 3.477E+Q3 1.37T1E+04 7T.S22E+0S
Lsast-sguaras lins for g = asdsl{ta-T"%
a= J.8742E+04
8 = 7.5300e-~3!
NGTE: 12 data points wara storsg in fila CNGA
NOTE: 14 X-Y pairs wars storsd in data fils
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NCTE: Program nams ¢ CRPALL
Qata taksn by : MEYER
This anaiysis dona on fils : 33iS

This analysis tncludss ang-~fin affect
Tharmal congductivity z 14,7 (Wim.X)
Inside diamatar, Ot = 12,70 (mm)
Ouisiga diamatzr, OO z 17.83 (mm)
This analysis usas tna QUARTI THERMCMETER rszagings
Mogiviad Patukhov-Popov cosfriciant = 2.35%9¢
Using HEATEX insert insids tubs
Tuae Enhancamant T RECTANGULAR FINNED TUBE
Tube matarial T STAINLESS-STesL
Praz3ura condition : VACUUN
Nuzsalt tnaary 13 usad vor Ho
24 {5asad on Patukhov-P380v) = {,348!
Alana {pasad on Nus3elt (Tgei’! = 2.77ES
£shancamant (Q) = .3a2
ennancament (Cal-T! = .357
Cata Vu Ua Ho on Te?
* {m/3) {W/m2-K} {W/m 2K} {(8im~2) g0
{ 4.37 5.833E+Q2 {.9622+¢2 1 .353E+2S 17,43
2 3.8% 5.7%8E+33 1.878E+3s 1 .316E+GS 16.38
2 7.33 5.8353E+e2 1.998€+23s | .TTIE+CS 15.13
i 2.77 S.417E+32 1 ,886E+33 1.7IGE+TS 18.79
S 2.24 §,200€E+33 1. 1136422 1 ,.542E+05 14.77
8 1.7 4.3857E+03 1.1258+82 | .529E+0S 13.97
7 1,17 3.431E+4Q37 1.2278483 1 .3J33E+QS Y
3 1,17 5.488E+Q7 1.238E+38  1.3822+0S 11.32
3 1.7 4.383E+Q37 1.1236+8s 1.536E+QS 13.52
13 2.2 S.i1Z4E+07 1.2815+82 1 .533E+QS 18.21
i 2.77T S.a212+07 1.333€+02 |.T2IE+AS 13.81
i 3.3 $.838€+03 1.39:5+92 1,7T3E+QE 16.23
i3 3.82 $5.385c+83 1.3932+83 1 .330E+0S i6.75
13 4.37 5.397E+33 1.373E+02 1.882E+QS 17.46

Laast-squarss lina for g = asdalia-T"d
as® 2.1300E+Q4
h = 7.3060E-3!

NOTE: 14 data points wars storad in Tils 3515

NCTZ: 13 X-Y pairs war: 3torad in data file
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NCTE: Program nama : CRPALL
Cata takan by : MEYER
This analysis dons on fils : S5i
This analysis includas and-?fin aflact

Thermai songugtivity = 13,7 {(W/m.K)
[nsigs Jiamatar, Cf = 12,73 (mm)
Qutsida giamatar, GO = {3.383 (mm)

This analysis usa&3 tha GUARTZ THERNCMETER raadings
Modifiad Patukhov-Popov coafticiant s 2,530¢
Using HEATEX insart in3ida tuba

Tube £nhancamant : RECTANGULAR FINNED TUBE
Tuba matarial T STAINLE3S-3TEEL
Praz3urs comdition  VACUUM

Nussait thaory 13 usad or Ho - - ——

- . qﬂ

Ci {Sa3zad on P3tuknov-PopGV )

T L.i133&

Alpha (Sasad on Nussalt (Toal)) = @.781

Ennancamant (g} = .3838

Snnancamant {(Cal~T) = . 363

cata Vi vo Ho (41} Yot Ts
3 {m/3) (W/a2-K} {(W/m~2-X) (W/m2) (C) {C
1 £.38 65.133+82 1.1842+@4 t.328E+8S 1§.65 23.3
2 3.33 5.363E+837 1.387E+Q4 1 ,.788E+QS 1§.28 48.8%6
b J.33 5.303g+03 1.1228+Q4 1 .7S4E+0S 15.64 28.74
3 ‘..S S.883€E+33 1.1i52+@4 |.533E+0S 15,18  48.79
g 2.23 S5.4TCE+E3 {.1325+84 1.831E+35 13.43 48.32
8 1.79  S.153E+C2 1.1968+34 1 .3325+0S 13.25 28.92°
7 1.17 &.718E+Q2 1.223€+02 1 ,.333E+QS 11,37  48.94
3 11T 4,.TO2E+03 1.2328+04  1.334E+08 11,314 48.13
3 & LA4TEH0T {1.1915+98 |.3332+3S 13.30 53.83
13 2.23  5.4352%+02 1.128E+83s |.323€E+8S 18,47 43.79
1 2.7 5.7122+63 1.128E+04 | .TQIE+RS 15.13 38.78
12 3.3 S5.313E+Q3 1.093E+82 1 .733E+2S 15.86 48.79
i3 3.83 5.013€+337 1 {QBE+QL | .TE3E+3S i5.13 128.7!
ta $.38 5.3S3c+@3 1.378E+3L  1.8B2E+ES 18,71 $3.74

Laast~sguaras lina for g = as*galta-T"d
a =z 2.2115€+C4

b = 7.33Q2kE-

NCTE: 14 data points ware storsg tn fila S50

NOTZ: !4 X-Y pairs wera 3:orsd in data fiis
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NOTE: Program nama : CRPALL
Cata takan oy : MEYER
This analysis dona on #iia : 337%

This analysis tnciudas and-fin atfact

Tharmal conductivity 3 4.3 (¥/m.K
Imsida diamatzr, Ci 3 {2,783 (mm)
Cutsids diamazar, Co = 13,83 {(om)

- This analysis usas tha QUARTI THERMCM

Modifisd Paiuknov-Popov cosrficiant =
Using HEATEX insart Lnstde tutba
Tuts Ennancamant : RECTANGULAR FINNED
Tuts matartial : 3TAINLESS-STEEL
Prassurs condition : VACUUR
Nussali itnsory 13 usad for Mo
gL (sasad on Patuknov-Popav! = 2,3818
Algna {3asad on Mussalt (Taall) = 2.3854
Enhancamant (g’ = {,180
Ennancamant (Sal-T) = 1.118
Cata Vu Us Ho Qo
H im/3; {W/m2-X) {W/m 2-K) {W/m~2
) 4.37 5.8Q3e+33 1.2738+94 2.124E+8S
2 ¥.84 5.8578+83 1.270E+84 2.230E+0S
b 3.3% 5.5888+@3 1.300E+04 2.062E+0S
S 2.77 5.33%€+Q3T 1.3358+84 1.339E+Q5
S 2.24  §.9868+337 {.3045+04 1.383€+CS
8§ 1.7 S.7T2E+03 1.3232+04 1.782E+8S
7 1,17 S.2S3E+83 1.4828+32 1.517E+QS
3 1,17 5.283e+02 1.3248+84 1.513E+3S
3 1,70 5.TTIEFDT 1.3468+@2 1.734E+3S
13 2.24 5.098e+93 {.339€+34 |.386c+¥S
& 2.77 §5.383g+23 1.3836+34 1.376E+08S
12 3.33 5.3382+33 {1.2838+Q4 2.313€+8S
13 3.34 3.513€+3a3 {.2286+84 2.847E+3S
13 4.37 §5.717E+02 {.244E+02 2.085E+0S

Lsast-sguaras ilina for § = asdalta-T"d
a= 2,.35377E+Q01

b= 7.5300€-81

NOTE: !4 data polnts wara 3torsd in "Lla 5375

NOTE: 14 X-Y pairs wers storsd in gata 1418
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: Program name
Cata takan by

Tuba Znhancamant
Tuba matartial

Nussait theory 1§

Enhancamant {(g)

t3ida diamatar, Jo
This analy3is usas tha QUARTZ
Modifiad Patukhov-Popov coe?fictiant
Ustng HEATEX i(nsart insica tuba
T RECTANGULAR FINNE
: STAINLESS-3TEEL
Prassurs congiticon

3

CRRALL

T MEYER

This analysl3 Jonsa cn filsa
This analysis includas and-fin afface
Tharmal congductivity
insi1ds 3iamatar, 01

24 P 4
1o

= 12,

335

TS (mm)}

2 13.88 (mm}

y

VACUUN

usad for Ho

1 ¢(bassd on Patukhov~Popov)

k]
Alpha (basad on Nussalt (Tdal)) =
=
L ]

Enhancamans (Cal-T)

cata Y vo
3 {a/s) {(Wim*2-K)
! 4.37 T.281E+03
P 3.33 5.735E+02
z 3.39 6.7T13E+Q3
: 2.TT  B6.432E+Q3
] 2.24 §5.i8SE+Q3
8 LT 5.790E+03
7 47T S.QISE+QS
3 1,17 5.2S52+93
3 1.79 5.313E+¢3
13 2.0%  6.196E+Q3
e 2.77  §.38SE+QT
12 3.30 5.573E+Q3
t3 3.82 G.T3IE+QT
13 4,37 8.322£+92

Ho

(WM 2-K}

1.427€+02
| .J88E+Ss
{.$28€+02
1.4322+04
1.439€+04
1. 46TE+QS
1 .S35E+84
1.879E+02
t .384AE+Q4
1.837E+Q4
1.431E+Q2
1.361E+Q4
1. 343E+04
{ .384E+Q4

-

LY

3
]
'
[
[}

.3353
.3673
.268
.135

Qp

{(Wrm~2)
2.183E+0S
2.065E+3S
2.962E+35
{.994€+0S
1.301£+0S
1.787E+DS
| .536E+0S
1 .893E+8S
! .88CE+2S
1.318E4+2S
2.306E+95
2.065E+3S
2.10TE+QS
2.1S7E+QS

W/m.K)

~ ™
o

THERMOMETER raagdings
= 2,3000

Te?

(¢
15.99
15.18
14.82
18.22
13.24
12.18
19.40

'lal's

[N B 4
Vime b d

13.2¢
14.32
1S.1i7
15.683
15.8!

Laast-squarss 1ina for g = a+dalta-T"H

as= 2.7463E+04

o s 7.5300E-01
NOTE: 14 data points wers storsd in fila 335
NOTE: 14 X-Y sairs uars storad in data fila
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NGTE: Program name : CRPALL

Jata takan dy 1 MEYER

This analysis dJona on fils ¢ 331547

Thi3 analLysis tncludss anc-?in alfact

Tharmal conguctivity = 14,3 (W/mK)

rnsids giametar, Ci = (2.7 (mm)

cutlsiga diamstar, OO = 12.33 {(Am;

This analysis usas tna QUARTI THERMCMETER raadings
Modifiad Patukhov-Popov cosfficiant = 2,.30839

using HEATEX (nsart insida tuds
Tuta Ennancamant : RECTANGULAR F
Tuba matarial : 3TAINLESS-3TE
Prassurs condition @ ATNMCSPHERIC
qussali thacry 13 usag fir Ho

£t (9ased on Patukhov-Popov) = 2,3346
Aloha {Dasad on Nussalt (Tdai’) = 3.3283
£anancamant (Q} a {,13
Enhancament (Dal-T!} =

1,182

Cata v Co Mo Go Te? Ts
: {m/38)} (Wi 2-K} {W/n"2-X’ {W/m 2> {C) (C)
i 4.35 6.5825+03 1.200E+04 S.387E+0S 24,23 136.07
2 7.83 6.483E+03 (.210E+84 S.214E+GS 23.23 100.04
3 3.3 5.331E+83 1.243E+04 5.123E+0S 41,27 929.83
4 2.7 §.15328+03  .230€+02 2.333E+CS 3.4 393.7%S
3 2.27  G.433E+83  1.248E+32 3$.753E+40S 33.12 39.36
8 1,73 S5.3i0E+83  1.270E+Q2 2.333E+3S 35.37 199.23
7 117 §.20118437 1.332E+02 4,133E+QS 29.83 3%.32
3 1,17 52238403  1.395E+84 4.130€+0S 29.82 23.8%
K| 1,78 5.533€+07  1.258E+82 3.34TIEHYS 33.32 33.37
13 2.27  5.317E+@3 1.240€+02 2,733E+0S 73.25 39.32
i 2.76 5.2358+Q7 1.2S%E+3s 4.399€+85 33.83 93.74
12 3.2 5.373€+82  1.231E+82 5.109E+ES 41.81  5%.36
13 3.87 5.30G62+@3 1.222E5+0s8 .229E+2S 32.78 100.3S
14 $.36 6.5278+@3 1.212E+038 S.317E+0S 43.38 120.:13

L3ass-squarss j(ins for 3 = asgalta-T"3
a= 3.1239%E+@2
4 = 7.58C0E-8!

NOTE: 14 data 3oint3 wera storad in #ila 351548

NOTE: i3 X-Y pairs wers storad in data ?1la
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NOTE: Pragram nams : ORPALL
Cata takan by : MEYER
This analysis Jona on fila : 33125A
This analysis tncludes and-fin arfact
Tharmal conductivity &= 13.7 (U/m.X)
Insiga diamatar, Oi = 12,73 (mm!

Qutsids diamatar, DO = {3.33 (mm)

This analysis us&s tha QUARTZ THERMCMETER raadings

Modi?iad Patukhov-Popov coafriciant = 2.5368

Using HEATEX insart insids tuba

Tuba Snhancamant : RECTANGULAR FINNED TUBE

Tubas matarial : STAIRNLESS-STEEL

Prassura condition : ATMOSPHERIC

Nus3sal: thaory (s usad Tor Ho

21 {9asad on Patukhov-Ropav) = 2.3826

Alpha (Dassd on Nussait {(Tdal)) = 3.391¢

Enhancament (3 s {327

Enhancamant (Cal-T) = },188

Cata Uu Uo Mo Qo Tef Ts
s {m/3)} (W/an2-K} {W/m~2-K) {W/m2; (C) (<)
{ 4.36 §.734E+Q3 1.225E+Q4 S.513E+QS 45.21 100.20
2 3.83 §5.7S58+837 1.2SQE+03 S.3TIE+QS 3.7 19%.15
3 3.30 §5.883E+33 1.27T1E+02 5.366E+8S 42.23 93.79
3 2.77 §.52%E+83 1.231E+04 S5.243E+QS 43.68 33.8¢
S 2.23 §£.386E+03 1.3038€E+Q4 S5.35G82+0S ¥8.56 99.3¢
8 1.7 §5.8S4E+07 1.363E+Q4 3.339€+9S 35.51 129.37
7 1,47 S.538E+03 1.4368E+84 3.423E+35 38.37 33.32
3 1.17 S5.539E+07 1.1J1E+Q3 3,421E4QS 33.9¢ 2339.8%
g 1.7 5.863E+83 1.368E+03 3.3438+Q5 I5.8 33.3%8
13 2.23  85.317E+Q3 1 .358E+@2 S.1685E+8S 33.23 13¢.22
1 2.78 5.33SE+Q3 1.313E+Q4 S.31IE+QS 43.29 193.1¢
12 3.30 5.301€+03 1.321E+04 S.301E+3S 31.5 180.09
13 3.33 §.387E+Q3 1.334E+04 S.817E+QS 42.12 100.27
13 4.38 7.360E+03 1.3J10E+B3 S.H5GTE+QS 43.24 188.2s

Lsast-squarses lina for q = a*dalta-T"d

as J.3113E+04

B = 7T.3900€-08!
NOTE: 12 gata points ware storsd (n fils S3iISA
NOTE: 14 X-Y pairs wers 3iored in data filas
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l NOTE: Pragram nams : CRPALL

’ Data takan dy : MEYER
This analysis dona on fila : 33iA
This analysis inclugas and-7in afvact
Tharmal conductivity =z 13,7 ($/n.X!}
Insidas diamatsr, Gl 2 (2.7 {om}
Outsida dJiamstar, G0 = 17.33 (nm)
This analy3is u3a3 tha CUARTZ THERMCMETER r3agings
Modifiad Patukhov-Popov cosfficiant = 2,5880
ysing HEATEX tnsert insids tube
Tyuha Ennhancamant . RECTANGULAR FINNED TUBE
Tuoga matarial 1 STAINLES3-3TEEL
Pras3urs condition : ATMCOIPHERIC
Nussal: inmacry i3 usad T Ho
04 (9aszad on Patukhov-Popav) s 2,3%127
Alpha (basad on Nussait (Tdali’ = 3.9632
Znnancamant () E I I & I
Znnancamant (0s8i-T) = {,138
Qata Vi Uo Ho ap Te?
3 {(m/3; {(W/n~2=K) {W/m~2-K: {W/m~2} (&)
' 4.35 §5.73I8E+QAT {.2645+83 5.2368E+85 41.819
z 3.82 5.8278+Q3 1.2722+84 5.2932+05 43.37
3 z.2 8.5458+Q37 1.303E+02 S.1338E+0S 23.33
4 2.75 8.3733£+Q7 {.382%8+84 3.3538+0S J7.88
s 2.22  8.i1Q€+QT 1.3312+32 4.743E+85 35.89
8 1.83 S.TTIEHET 1.362E+84 4.475E+8S J2.84
? t.d 3.275e+83 1.4362+05 4.3462+8S 28.18
3 1.18 $.2828+837 1.342E+84 3.08532+0S 28.1%2
3 1.83 S$.323E+07 1.337E+02  4.5134E+485 32.48
18 2.22 G.I22E+Q3 1,3355+83 4.T46E+S5 35.54
1 2.7 §.37IE+QT 1.3136+34 3.362E+0S 27.82
Hed 3.23 5.SVIE+TS 1.237€+83 5.2882+3S 39.28
13 3.3¢ §.87CE+T 1,2822+32  5.133E+3S 43.11
HES 4.34 B5.7T0E+CT {.283E+@3 5.229E+35 31,13

Laast-sgquaras [ing for Q= asgdalta-T'h
a > 3.257iE+0s
4= 7.5000E-91
NGTE: 11 gata point3s wars s3iorad (n fi1la 351A

NOQTE: 14 X-Y pairs wars storad in data 7ila
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NOTE:

Program name : CRPALL
Cata takan oy
This analysis dons on fils :
This analysis inclucas sng-fin affact

Thermal conductivity
Insids diamatar, Ot
Outsids diamstar, 0o

T MEYER

-1

33A

{mm)

s (7.88 (am;

e >

This analysis usas tha QUARTZ

Modifiad Pstukhov-Popov coa’ficiant =
Using HEATEX insart insida iubs
Tuba Enhancamant : RECTANGULAR FINNEDS
Tube matarial ¢ STAINLESS-STEEL
Pressurs condition : ATMOSPHERIC
Nussalt tnaory 13 usad for Ho
€1 (Sasad on Pstuihov-Popov) = 2.783%
Alpha (basad on Nus3alt (Tdal)) = 1.{5i8
Enhancamant (g} = 1,580
Enhancamant {Sal-T} = {,3585
Cata 1" Uo Ho 1*1]
s {n/8) {W/m2-K) (W/m~2-K} {W/m*2)
{ 4.35 7.523E+03 1.518E+04 S5.38JE+0S
2 3.82  T.432E+Q2 1 .532E+84 S.368E+0S
3 3.289 7.332E+G3 1.883€+¢4 S5.7S3E+BS
3 2.78  7.182E+Q3 {.81TE+CS S.558E+8S
3 2.23 8.3iGE+QZ 1.898E+08 S5.J82E+0S
8 1.73 6.4S1E+Q3 1 .B847E+34 S.061E+QS
7 .17 §5.926E+83 1.7962+04 4.536E+2S
8 1.17  S.310E+82 1.781E+84 4.80CE+QS
3 1,78 5.4TQ0E+Q3 1.653E+34 S.T63E+3S
13 2.22 8.374E+Q23 { 822E+32 S.430E+QS
i 2.7 T.163E+87 $.613E+84 S.853E+QS
14 3.23 7.330€+Q2 1.872E5+04 S.304E+8S
13 3.82 7.529E+83 1.873E+03s S5.351E+QS
i3 1.38 7.3TTE+Q3 1.583E+03% §.072E+QS

{Laast-squaras lina for g = asdalta-T"d
a = 3,33025+34
5 = 7.5300E-0!
NOTE: 14 data points wersa atorad in ¥ila 5354

NOTE: 14 X-Y pairs wers storsd {n data fila
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14.3 (W/m.X)

= 2.7

THERMCMETER raadings

2.53¢2

TUBeE

Teft

(&)
23.83
33.3¢
76.98
34.93
33.83
78.74
o8.17
25.12
33.82
23.13
35.949
268.92
37.33

33.79

Ts

(<)
33.83
99.94
939.84
132.00
33.38S
120.237
122.28
130.06
34.886
38.7%
33.89
12390.0S
183.33
130.16




APPENDIX E. -~ UNCERTAINTY ANALYSIS

When taking experimental measurements, error is always
introduced. Though great care was used to ensure the accuracy
of the data taken, there is no such thing as perfectly exact
measurements. While the error introduced by any one particular
measurement may be small, the cumulative error introduced by
all the measurements may become quite large.

Uncertainty is defined as the estimated difference between
the actual measured value, and the calculated one. Kline and
McClintock [Ref. 12]) developed a method to determine the
uncertainty of an experimentally derived value. This value V,
which is a function of many measured quantities ie, V =

V(%,,%,,%5,...%X,), has an uncertainty given by the formula:

1/2
(30)

v . I v . F
'{[ax1 ax2 ”] “[ ax, US] e "[a_x,,Un]

where:
U, = the uncertainty in the dependant variable
Xy4Xy, .. .X, = the measured independent variables

Y,,U,,...U,, = measured variable uncertainty

Georgiadis [Ref. 13), gives a complete description of the

uncertainty analysis used.
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The uncertainty analysis program used is given in this
Appendix along with examples, and was a revision of Cobb’s

[Ref. 8].
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CATA FOR THE UNCERTAINTY ANALYSIS:

Fila Nama: culs
Praszaurs Congition: Vacuum
Japor Tamparaturs = 43.558 {(0eg T
watar Flow Rats (%) = 39.9%
watar Vsiocltly = $.34 {m/3)
Haat Flux = 3.3822+35 (W/m )
Tuba-matal thermal Jonguc. = 332.8 {8/m K
Patkhav-Popov constant = 2.7687
UNCERTAINTY ANALYSIS:
VARIABLE PECRCENT UNCERTAINTY
Ma3s Flou Rate, M3 2.3%
Raynoids Number, R3 IR R
Haat Flux, & 1,47
Lag-Maan-Tem CO1f7, LATO .72
Wall Rasisztancs, Ru 4.2%
gvaralil H.T.C., U0 1.37
Watar-3ide H.7.C., HL .97
Vapor-3ids H.7.C., Ho 5.3%2
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CATA FCR THE UNCERTAINTY ANALYSIS:

FLi3 Nama:

Prassura Condition:
Vvapar Tamparaturs
atar Flow Rats (%)
Watar Veioclity

Haat Flux

”
CUI2SR

vacuum

Tuba-matal inarmal conauc.

Pziinov-PoDovV Ionstant

Mass Rl

Haat Fluk, 4

Log-Maan~-Tam 177, LMT

¥all Raststancs, Ru
Cvarall H.T.C., Lo
Watar-5ide H.T7.C., Hi
Vapor-5ids H.7.C., He

"
1%}
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CATA FOR THE UNCERTAINTY ANALYSIS

Fils Nama:

Pras3ura Congiiion:
vapor Tamparaturs
Yatar Flouw Rats (%)
Water Valaocily

Haat Flux - -

vacuum

Tubs~matal tharmal condud.

Patinov~Popov con3diant

VARIABLES

Mass Siow Rats, M4
Raynolds Numper, Re
Heat Flux, g

Lag-ﬂaan-fan 01¢7, LNTO

Wall Rasistanca, Ru
0verall H.T.C.. Uo
Yatar~3ida H.7.C., Hi
Yapor-3ids H.7.C., Ho

w ¥R

PZRCENT UNCER

114

2.3¢

1.98

1,18
.7

-

[+1]
- ) P
0) g - ¢

TAIN

{Cag C)

{m/3)
(Wimn 2
(W/m. X}
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OATA FOR THE UNCERTAINTY ANALYSIS:

Fila Name: cus
Prassurz CondLtion: Jacuum

vagor Tamparaturs = 33.97
Watar Flouw Rats (X)) = 33.8
watsr Valosity = .27

Sl Haat Flux = 3.33C2+0CS

Tubs-matai ithermal canduc.
Patxnov-Popov constant

"
[}
[D]
[
3 0

VARIABLE PERCENT UNCERTAIN
®ass Flow Rats, Mo ¢.30
Raynoids Numpar, Rs 1.88
Haat Fluk, Q 1.23
Log-Maan-Tam Stf?, LMTO .33
Wall Reaistancz, Ru 3.2
Cverall H.7.C., Vo 1.49
watar-512s 4.7.C., Hi .33
vapor-3ida H.7.C., MO S.19
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0ATA FOR THE UNCERTAI
Fila Nama:

Pra3surs Condition:
Vapor Tampariturs
Wwatar Flow Rats 1
watar Valoctitly
Heat Flux

LA
.}

Tuba-matal thermal conauc.

Paiancv-Popov csonstant

UNCERTAINTY ANALYSIS:
VARIABLE

Mass Flou Rats, Nd
Raynoids Number, Ra
Haat Flux, Q
Log~Maan-Tam Ci¢?, LNTC
Wall Rasistanca, Ruw
Qvarall H.T.C., U0
Watar-3ida H.T7.C., Hi
vapor-3ide H.7.C., Ho

INTY ANALYSIS:

cusHT

Jacuum

[~

[T O N }

# 4
(7]
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CATA FOR THE UNCERTAIN

Fila Nama:

Prassura Condition:
Vacor Tamparaturs
Watar Flow Ratz (%)
Watar Valoctity

Hegt Flux

Tuba-matal tharmal conouc.

fziranov-Pasov constant

VARIABLE

Mas33 Flow Rats, Md
Raynolds Numpar, Rs
Heat Flux, q

Log-nsan-Tam 0177, LmMT

Wall Rasistancs, Ru
Gvarali #.7.C., U0
Yatar-5ide H.T.C., HL
Vvapor-3ida H.7.C., Ho

TY ANALYSIS:

cutlsa
Atmosphartic (13! kPa)
= 19¢.23C {Qag C’
= 33.%
= 2.0 im/3)
= 1.3342+06 (W/m*2)
2 333.3 {$/m.K)
= 3.1373

PERCENT UNCERTAINT

-

~
[}

[T R SR Rl ]

[T
mtco)»-mo)-

3 - »
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DATA FCR THE UNCERTAINTY ANALYSIS:

Fila Nama: CUi123A
Praasurs Congition: Atacsohnaris (181 kPal

Vapor Tamparaturs
Watar Flow Rats (%)
watar Valcctily

Heat Flux

Tuha-matal tharmal canduc.

Patinov-Popov constiant

UNCERTAINTY ANALYSIS:
VARIABLE

Mass Flouw Rata, Md
Raynolds Numbar, Ra
Haat Flux,
Lag-Mean-Tam 0177, LMTC
wall Rasistanca, Ru
Svarall H.T.C., U0
Watar-Sids H.7.C., Ht
Vagar-Sids H.7.C., Ho

= 198.032 {Cag C°

= 33.90

= 2,22 (A3}

s 1.287E+QE  (Wimt2)

= 739.83 (W/m.X)
= 32.3%Cs2
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CATA FOR THE UNCERTAINTY ANALYSIS:

Fila Nama: CuUTSA
Prassurs Condition: Atmosonaris (131 kPa)
Vapor Tamparaturs = 33.735 {Cag C'
Watar Flaow Rats (%) = 39%.%°
watar Valocity 2 .33 {m/3!
Haat Flux == --x 1 175E+@86  (W/mtl
Tube~matal tharmal canduc. = 7238.3 (W/m.X)
P3irhov-POBOV CONItaNt 3 2.3237
UNCERTAINTY ANALYSIS:
VARIABLE AERCENT UNCERTAINTY
Ma3s Filow Rats, Md 3.39
Raynoids Nuabar, Re 1.12
Haat Flux, Q .38
Lag-Mean-Tam Cif?, LMTC .23
Wall Rasistanca, Ru 3.24
gvarall H.T.C., Ua .98
Watsr-3ida H.T.C., Hi .98
yvapor-3ids H.T.C.., Ho 12.7
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CATA FOR THE UNCEZRTAINTY ARALYSIS

Fils Nams: cusa
Prassurs Condition: Atmgsohe-
vaoor Tamparaturs =
Wwatar Flow Rata (X} =
Watar Valosity =
Heat Flux =
Tuba~-matal harmal conasuc. =
Patinov-Popov constant

UNCERTAINTY ANALY3IS:
VARIABLE PERCE

Mass Flow Rats, Mo
Reynolss Numcar, Ra
Heat Flux, Q
Lag=-Mean-Tam O177, LNTC
Wall Rasistanca, Ru
Cvarall H.T.C., Vo
Watar-5t1da H.T.C., HL
Vagor-Sida H.7.C., Ho
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CATA FCR THE UNCERTAINTY ANALYSIS:

Fils Nama: CuUsSMTA

Prassura Candition: 4

vacer Tamparaturs
Watasr Flow Rats (%
Watar Valactily

Heat Flux
Tula-maiai tharmal Co
Patxhev~Popov cunstan

UNCERTAINTY ANALYSIS:
VARIABLZ

Ma3s Flow Rats, Md
Raynolds Numser, Re
Hsat Fluk, §
Log-Maan-Tam 0177, LMTT
wall Raststanca, Ru
Qverall H.7.C., Ud
Watar-5ida H.7.C., Hi
Vapor-side A.7.C., Ho

nguc.
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OATA FOR THE UNCERTAINTY ANALYSIS:

Fils Nama: ALIS
Pras3ura Congdition: Vacuum

vapar Tampsaraturs
watar Flow Rats (X}
watar Valocitly
Heat Flux

Tuba-matal tharmal conduc.

Aatanov-Popov constant

UNCERTAINTY ANALYSIS:
VARIABLZ

mass Fiou Rats, Md
Rayno.ds Numper, Ra
Hesat Flux, a
Lag-Maan-Tam G1¢7, LMTC
Wall Rasistancs, Ru
Ovarall H.7.C., Uo
Watar-31da H.T.C., Ht
Yapor-51da H.T.C., Ho
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43.813 {Cag C
8¢.%¢
$.36 im/3)
2.938E+35 (W/m )
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OATA FCR THE UNCESRTAINTY ANALYSIS:

Fila Nama:

Prassura Condition:
Vapor Tamgaraiura
watar Flow Rats (%)
Watar Valocity

Haat Fluas

Tuba~-matal thermal condu
2atkhov-Popov Sgonstant

AL

UNCERTAINTY ANALYSIS:
VARIAGLE

Mass Flow Rats, M
Raynolds Numnar, Re
Heat Filuk, 3
Log-maan-Tam O(77, LATD
Yall Resistancs, Ru
Ovarail H.T.C., Uo
Yatar-5ida H.7.C., H1
Vagor-5ide H.7.C., Ho

Rl ~d
(-

vacuum

<.
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OATA FOR THE UNGCERTAINTY ANALYIIS:
Fils Nama: ALt
2rg3sura Condition: vacuunm
Yapor Tamoarsturs = 43.332 {Cag T}
watar Flow Rata (X! = 38.33
Watar Vaiodity = 1.33 {m/3)
Heast Flux - s 3.3338+35 (W/m°2)
Tupa-matal tharmal sanduc. = 2371.8 {(Wim. K
Patanov-Popoy constant = 2.533¢
UNCSRTAINTY ARALYSIS:
VARIABLZ PERCENT UNCERTAINTY
Mass Flcou Rats, Md 3.33
Raynolds Numoar, Ra .0
Heat Flux, o 1.23
Log-Maan~-Tam Ctf?, LNMTO .8
Wall Rasistance, Ru 5.33
Ovaraii H.7T.C., UO 1.47
watar-Sigs H.7.C., Hi 37
yvapor-35ida K.7.C., Ho 7.36
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CATA FO

Fila Nama:

frassurs Conaditis
Vapor Tamparaturs
Watar Flow Rats ¢

e

)

C Watar Valaocity

Haal Flux
Tuba-matal tharmal <o
23LANOV~-2TPOY Cam3tant

Mas3s Flow Rate, M3
Raynolds NumBar, Re
Hsat Fluxk, 3

ALTS

vasuum

nauc.

og-nsan-Tam 0177, LMTC

wall Resisztancs, Ru
Qvarall H.7.C., U0
Yatar-3513s H.7.C., Hi
Vagor-3ids H.7.C., Ho

125

THE UNCERTAINTY ANALYSIS:

13.39¢
38.20
L 4e
. i
3.3822+05
23:.8
= 2.5885
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DATA FOR THE UNCERTAINTY ANALYSIS:

Fila Nama: ALS
Prassurs Condition: vasuum

Vaper Tamperaturs
Water Flow Rats (R}
watar Veslocity

Heat Flux

Tuba~matal thermal conduc.

Patihov-Popov constant

UNCERTAINTY ANALYSIS:
VARIABLZ

Mass Flou Rats, Mo
Raynolds Numbar, Rs
Haat Flux, Q
Lag-Maan-Tam 3197, LMTC
Wail Rasistancs, Ru
Qvarall H.T.C., U
Watsar-Sida H.T.C., Ht
Vapor-5ida 4.7.C., Ho

126

= 43.1362 {Ceg C'
= 38.%8
= 3.27 /'3
= Z.3282+35 (Wi~ -—-
= 27:.83 {8/m.K)
= 2.73:7




0ATA FOR THE UNCERTAINT
Fils Nama: A
frazsura Congitic

vapor Tamparaturs
“ater Flow Rats
(]

VARIABLE

Mass Flow Rats, Md
Raynolds Numpar, Rs
Heat Fluxk, Q
Log-ttaarn-Tem O1?7¢, LMTO
Wwall Rasistancs, Ru
Cvarall H.7.C., Uo
Waiar-5idae H.T.C., H1
Vapor- 4.7.C., Ho

Do

5148

127

48.723 {Dag
8¢.23
1.27 im/s}
2.313E+85 {(uW/m"2
3.3 {wim. X
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OATA FOR THE UNCER

Fila Nama:
Pras3urs congivion:

Japor Tamoaraturs

Yatsr Flow Rats (X7

Watar Vaioctitly

Haagt Flux

Tubs-matal ihsrmal sonauc.

Pzeinov-Popov constant

UNCERTAINTY ANALYSIS:
VARIABLZ

ma3s Flow Rats, MU

Raynolds Numpar, Ra

Haat Flux, Q

Log-Maan-Tam Ci7¢, LMTC

Wail Rasistancs, Ru

Ovaralil #.7.C., Uo

Yatar-5ids H.7.C., Hi
vapor-5ids H.7.C., Ho

128

AL i5A
Atmospharic

[}

1}
[ ¥}

TAINTY ANALYSIS:

1131 RkPs?
23.322
39.38

» v

b R IV}

1.135e+66 ¢
2i.3 {

2.8287




Filz Nama: AL 125A
2ras3urs Condlticn: Atmossheric (181 kPa)
vapor Tamoeraturs = 188.172 {Cag C!
watar Flow Rats (N = 398.39
water Vaiocity $.33 {m/3)
Haat Flux 1 3a8E+08 (W/m )
Tupe~-maial tnarmal conduc. = 237.8 {Wim.K)
fyiunmov-Popov constant = 2.5297
UNCESRTAINTY ANALYSIS:

VARIABLZ PCRCENT UNCERTAINTY
Mas3 Flow Rats, fd 3.89%
Raynolds Numoar, R3 132
Haat Fluk, 3 .36
Log-Mean-Tam O31¢¢, LMT0 .27
wall Rasistancs, Ru £.3%
Cvarail H.T.C., Uo 1.9C
Yatar-3ids H.7.C., Hi .38
Vagor-Sids H.7.C., HO 5.78
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OATA FCR THE UNCERTAINTY ANALYSIS:

Fila Nama:
Prassura Condtliion:
Vapor Tamwparaturs
Watar Filow Rats (R}
watsr vValacity

Haait Fluxk

Tuba-mat3l tharmal conduc.

Patkhov-Popov canstant

UNCERTAINTY ANALYSIS:
VARIABLE
Mass Flow Rats, Mg

Raynalds Numbar, Rs
Haat Flu<, 2

“og~-Maan-Tam D1¢f, LMTO

Wall Rasistancs, Ru
Cvarall H.7.C., Uo
Watar-5ide H.7.C., Hi
Vapor-51ds H.7.C., Ho

ALIA
Atmospnaric (181 kPa)
= (00.2323 {Ceg C!
= 398.38
= 3.3 (m/3}
= i .880E+86 {(¥/m"2}
=2 231.8 {8/m. K}
= 2.7235

PERCENT UNCERTAINTY

w -~
» & Cd 832 ~— O}
Sa3HdNa2
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CATA FOR THE UNCESRTAINTY ANALYSIS:

Fila Nama:
Pra3zsurs Songition:
vapor Tamparasurs
watar Flow Rate (X!}
watar Vaiocity
Haat Flui
Tuba-matal tharmal
Patinov=P300v SON3

UNCERTAINTY ANALYSIS
VARIABLE
Ma3s Flow Rats, M4

Raynalss Numoer, R3
Heat Flu<, Q

ALTSA
tncsahs

Log-Mean-Tam J1¢?, LMTO

Wal! Resistancs, Ru
Ovarall H.T.C., Uo

wWatar-3ida H.T.C., Hi
vapor-3ida H.T.C., Ho
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CATA FCR THE UNCERTAINTY ANALYSIS:

Fila Nama: ALSA

frassurs Cangition:
Vagor Tsmparaturs
Watar Flow Rats (X!
Watar Valocity

Haat Flux

imgsanart

Tuba-matal iharmal conduc.

Pa3tknov=-Pogov constant

UNCERTAINTY ANALYSIS:
VARIABLE

Ma3s Flow Rata, M3
Raynolds Numoar, Ra
Hoat Flux, 9
Lag-Maan-Tam Otff, LMTO
Wall Rasistancs, Rw
Cvaral! H.7.C., Uo
Watar-3iGda H.T.C., Hi
Vapor-Side H.7.C., Ho
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DATA FOR THE UNCERTAINTY ANALYSIS:

Fila Nama:

Prasszurs Candgition:
vapor Tamparaturs
watar Filow Rata (X}
watsr valocity

Haat Fluxk

Tupa~-matal tharmal conduc.

234inov-~Popav sonstant

VARIABLE

mas3s Flow Rats, Md
Raynolds Numpar, Rea
Hadt Flux, Q

oNiS
vacuum
=
=
=
=
=
PERCE

Log-Maan-Tam O1ff, LNTO

$all Rasistancs, Ru

Ovarail H.7.C., Ud
tar-3ids H.7T.C., HS

vapor-3ids K.7.S., Ho
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CATA FOR THE UNCERTAINTY ANALYSIS:

Fils Nama: ALSNMTA
Prasaurs Jondiiion: Atmcapnaris (13! 4Pa:
vapor Tamparaturs = 38,385 {Ceq C!
Watar Flow Rata (%) = 39.20
water Valadttly =z $.35 {m/3)
Heat Fiua = §.i18GE+35 {(W/m )
Tuoe-matal itharmal conduc. = 271.8 (W/m.X)
Patknov-Popav sanstant = 2.378¢
UNCERTAINTY ANALYSIS:
VARIABLE PERCENT UNCERTAINTY
Mas3 Flow Rata, Mg $.38
Raynolds Numbar, Ra Pt
Maat Flux, 3 1.3
Log-maan-Tam Dif?, LMTC .48
Wall Rasistanca, Ru 5.38
Cverall K.7.C., Us t. 13
Watar-Si1da H.7.C., Hi .38
Vapor-3ida H.T.C., Ho 2.32
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OATA FCR THE UNCERTAINTY ANALYSIS:

FLl3 Nams: gNtA
Prassurs Condition: Atmocspnaris (181 kPa)
vapor Tamparaturs = 138.161 {Cag O
Waiar Flow Rates (%} s 33.33
watar Valoclly a 4,30 {m/3)
Haat Flux = §,35872+Q%S (4/m2)
Tubs-matal tnarmal conduc. = 35.3 {win. K
Patrhov-Pooov son3tant = 2.8633
UNCERTAINTY ANALYSIS:
VARIABLE PERCENT UNCZRTAINTY
Mass Flou Rats, MU 3.33
Raynolds Numbar, Rs 1,13
Haat Flux, § .38
Lag-Maan~Tam 0107, LATD %
Wall Rasistanca, Rw 3.7
Overall H.7.C., Uo 1.98
Watar-5ids H.T.C., H} .39
Yapor-5ids H.7.C., Ho 5.30
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CATA FOR THE UNCEZRTAINTY ANALYSIS:

Fila Nams: (o

Pragsura Conditton: vacuum

Vaper Tamparatura = 43.835
Watzr Flow Rats (%) = 33.33
Watar Velgooity = $.38

Heat Fluxk s 2.7382+8%
TuSa-matal tharmal conguc. = S535.37
Patihov-Popov consiant = 2.8782

UNCERTAINTY ANALYSIS:

VARIABLE PERCENT UNCZERTAI
Mass Flow Rats, Md 2.3¢
Raynolds Numpsr, Re 1.99
Haat Flux, Q 1.38
Lag-Msan-Tam CtPf, LMTC 1.80
wall Rasistancs, Ru 3.78
Qvarali H.7T.C., Uo {.89
watar-3ids H.7.C., Hi .38
Vapor-5Sids H.7.C., "o 6.82
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DATA FOR THE UNCERTAINTY ANALYSIS:

Fila Nama: CNTIR
Prazsura Canaition: vacuum

vapor Tamparaiurs = 43.733 {Cag C}
atar Flow Rats (%) = g2.900
watar Valocity = 3.37 {(m/3)
Heat Flux = 2.323E+2S {(w/m"2)
Tuba-maial iharmal conduc. = 35.3 (W/m.K)
Patkhov-Pogov consiant 2 2.7136
UNCERTAINTY ANALYS3IS:

VARIABLE REACENT UNCERTAINTY
Ma3s Flouw Rata, Md 3.8¢
Raynolds Numbar, Re {.28
Hea: Flux, 3 1.35
Log-Mean-Tam S177, LATO .39
Wal: Raststanca, Ru 3.7
Cvarall H.7T.C., Uo 1.88
Watar-3ida H.7.C., Ht .33
vapor-3ids H.7T.C., Ho 5.82
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CATA FCR THE UNCERTAI

Filz Nama:
Prassurs Condition:

Vagor Tamparaturs = 43.822
Water Flow Rats IR} = 33.29
watar Vsilocity = .37

“““ Haat Flux = 2.8432+Q5 «
Tuha~matal ¢harmal conduc. = 53,3 {
Patahov-Popov constant 2.7548
UNCZRTAINTY ANALYSIS:

VARIABLE PEZRCENT UNCERTAINTY
Mtas3s Flow Rats, Mo $.33
Raynolds Numbar, Rs 1 .87
Heat Flux, § PR3
Log~-Maan-Tam 0177, LMTO i .96
Wall Raststancs, Ru 2.78
Cvarall H.7.C., Vo .76
Watar~3tds 4.7.C., Hi i F3
Vagpor-3ides H.7.C., Ho 3.37
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OATA FCR THE UNCERTAINT

Fila Nama: oN
Atmg3apharis

Praszurz Congition:
Vapor Tamparatiurs
.3tar Flow Rats (%)
Wwatar Valactity

Haat Flu4

Patinov-PORoY CONStant

VARIABLZ

Mass Flou Rats, Md
Raynoids Numbar, Rs
Heat Fluxk, Q
Log-Maan-Tam O1¢7, LTT
Wall Rasistanes, Ru
Ovarall H.7.C., U0
watar-5ide H.7.C., Hi
Yapor-3.38 H.7.C., Ho

Tuba-matal 4narmal sonduc.

139

]

& —
rd
rd
(X el

oy --
S &
[

e
m
4 0
(3] us
(N} -

[}

[T P> B

e Ly UYL

[e%]
-3
o

.~ o

—~

=2
3 S

£
~a

&:
ate

(@]

@
(¥ ]

»

b G ¥ B

e

3

~




CATA FCR THE UNCERTAINTY ANALYS

Fila Nama: CNT3AR
Pragsura Condition: Atmospneric (101 kP3)
Vapor Temperstura = 33.304 {Tag ©)
Water Filouw Rate (%) = 30.3%
water Valocity = $.33 {m/3}
Haat Fluk — = 7.338E+Q08 (W/m2)
Tyube-matal ihermal conmauc. = 53.37 1W/im. %K)
P3tihov-Popov coanstiant = 2,337
UNCERTAINTY ANALYSIS:
VARIABLE PERCENT UNCERTAINTY
Ma3s Flow Rats, MO 2.3
Raynolds Numbar, Ra P12
Hesat Flux, 3 .33
Log-Maan~-Tam S177, LMTC .25
Wall Rasistianca, Ru 3.73
Qvarall H.7.C., Uo .85
Watar-3ida H.T.C., Ht .97
Vapor-31da H.7.C., Ho 4.38
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CATA FOR THE UNCERTAINTY AN

Fila Nama: *h

Prszsurs Congiticn: Atmosphari

vapor Tamparaturs
watar Flow Rate (%)
watar Valodity

Heat Fluxk
Tuga-matal ¢ 3
Patihov-Papov Sonsiant

UNCZRTAINTY ANALYSIS:
VARIABLZ

Mass Flow Rate, M3
Raynolgs Numbar, Re
Heat Filux,
Log-Maan-Tam 0177, LMTC
Wall Rasistancs, Ru
Cvaralil H.T.C., Vo
Watar-Sids H.T.C., Hi
Yapor-Sida H.T.C., Ho

141

{13t kPa’
22,748 {Ceg C’
2.39
$.38 {m/3}
7.5222+Q8 {(W/m°2) -
3.3 (W/m.K
2,338
UNCERTAINTY
3.3%
1,18
.99
.37
3.78
V.06
.36
$.%6
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CATA FCR THE UNCERTAINTY ANALYSI

Fils Nama: K]
Prassurs Conaition:
Vapaor Tamparaturs
Water Filow Rate (%)
watar Vaiacity

Heat Flux

<2

Tuba-matal ¢harmal conduc.

Paiihov-Papov constant

UNCERTAINTY ANALYS3IS:

M333 Flow Rats, Md
Raynolds Numbar, Ra
Heat Fluxk, §
Lag~Maan-Tam 0197, LATOC
Wall Rasistancs, Ru
Sverall H.T7.C., Uo
Watar-5i3s H.7.C., Ht
Vaper-5ida H.T.C., Ho
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315
acuum
=
=
PERCE

3

.
.

$3.38: {C&qg
33.2¢
.37 {miz}
A LTIREXRS  (W/m s
14.3 $/m. K
1 .3481
T UNCERTAINTY
2.32
1.87
1.87
1.83
8.37
2,48
.34
6.3




CATA FOR THE UNCERTAINTY ANALYSIS:

.

&

Y]

vapor Tamparaturs
watar Flow Rata (%)
watar Vaiooily

Heat Filux

Fils Nama: 351
frz3surs Conditlon: Jasuum
o]

Tuba~matal tharmal conguc.

Patxhov-Popav sonstant

VARIABLE

Ma33 Flow Rats, Md
Raynolus Numbar, Rs
Hsat Flux, §
Log-Maan-Tam 017, LNTD
wall Rasistanca, Rw
Qverall H.T.C., Uo
yatar-5id8 H.7.C., Hi
Yapor-Stds H.T.C., Ho
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Fila Nams

vaguum

orgs3urz Condition:

o~

(&

[ ]

~s

-
o

«#

~

=

~

w -
oM

9 <t
<«

Flux

Haat
Tuba~-nat

-t

.=

¥
L)

wn

un
(8]

VARIABLE

o t-
™ e t-

€@ - -

Raynoids Numoasr, Rs

Haas Slux, 3

wt-1nd
e

St

Log-Maan-Tan

wall Rasistancsz, Ru

watar-5ids H.

¢
>

3.’4

a H.7.C., HoO

[~
210

Vagpor-
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CATA FOR THE UNCERTAINTY ANALYSIS:

Fils Nama: 533
Prsssurs Congiticen: Jasuum

vapor Tamparaturs
watar Flow Rats (%)
watar Valocity

Haat Flux

Tuba~-matal therma. Sonduc.

2atinov-Popov sonstant

UNCERTAINTY ANALYSIS:
VARIABLE

Mass Flow Rats, Ma
Raynolds Numbar, Ra
Hasat Flux, Q
Log-maan-Tam Oif?, LMTO
Wall Rasistance, Ru
Cvarall H.7.C., Vo
Watar-51dy H.7.C., Ht
vapor-5ids H.7.C., Ho

= 43.835 {Ceg T
= 383.32
= 1.37 {m/3}
B = 2.803E8+¢5 (uU/m°l)
= 13,2 {(&/m.&7
= 2.2353

“
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CATA FOR THE UNCERTAINTY ANALYSIS:

Fiia Nama: 33154

Prassurs Canditions Atmospnaric (18) kPa’

vapor Tamparituirs = 130.127 {Oag C)

Watsr Flow Rats (% = 33.3¢

water Valodily = .25 {(m/3}

Haat Flu4 = S,.1588E+85 (W/m T}
- - Tuha-mata. tharmal conguc. = 13,3 {8/m K

Patincv-Ponov constant = 2.3345

UNCERTAINTY ANALYSIS:

VARIABLE 2ERCENT UNCZRTAINTY

Mass Flow Rats, Md 2.3

Raynolds Numtar, Rs 1.83

Haat Flux, 3 1.87

Lag-Maan-Tam Ci?7, LMTC -3

¥all Rasistanca, Rw 5.37

Qvarail H.7T.C., Uo 1.28

Wwatar-Sida 4.7.C., Ht .35

Vapor-5id3 H.7.C., HO 8.5
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OATA FOR THE UNCERTAINTY ANALYSIS:

Fila Nams:

Prassura Condition:
Vanor Tamparatura
Wwatar Flow Rats (X
Watar Valocity

Heat Flux
Tuba-matal tnarmal
Patkhov-Popov CIn3tan

UNCERTAINTY ANALYS3IS:
VARIABLE
Mas3s Flow Rata, ™

Raynolds Numpar, Ra
Heat Flux,

Log-Maan-Tam 0177, AT

Wall Rasistancs, Ru
Qvarall H.7.C., U2
watar-31ds H.7.C., HY
vapor-Side H.7.C., Ho

33125A
Atmos

(a)
w
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CATA FQR THE UNCERTAINTY ANALYSIS:

Fila Nama: 53¢
Prassurs Gondition: Atmosaheric (137 kP73
vaper Tamparaturs = 23.32¢ {Ceg C!
watar Flow Rats 1% = 393.9¢
watar Valscity = 4.324 {m/3)
Heat Flus -~ . o.= 5.3983E+85 i1w/m2)
Tusa-maial ihermal condud. 2 13,37 {W/m, K
2atRhov-Popov constant = 2.4\357
UNCERTAINTY aNALYSIS:
VARIABLZ PERCENT UNCERTAINTY
Mass Flou Rats, Mz $.33
Raynolds Numoar, Ra {.12
Heat Flux, 3 1.98
Log-Maan-Tam OL77, LMTT .55
Wail Rasistanca, Ru 5.87
Ovarall H.T7.C.. U 1.2t
Watar~51d8 H.7.C., Hi .38
Vapor~Sida H.7.C., Ho §.83
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OATA FCR THE UNCERTAINTY ANALYSIS:

Fila Nama: 3575A
Prassura Conditian: Atmospharis (181 xPa)

vapor Tamparaturs
watar Flow Rate (%)
Watar Valoctity

Heat Fluxk

Tuba-matal tharmal conduc.

Patkhov-Papov constant

UNCERTAINTY ANALY3IS:
VARIABLE

Mass Flou Rata, Md
Reynclas Numbar, Ra
Haat Flux, a
Log-Mesan~Taa 3177, LMTO
Wall Rastistanca, Ru
Qvarail H.T.C., Vo
Watar-Sida H.T.C., WL
Vapor-Si3s H.T.C., HO

=

39.263 (Cag C°
28.3¢
.3 {m/3)
8.1681E+8C (W/m2}
18.3 ($/m. K}
= J.2833

PERCENT UNCERTAINTY
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1.83
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5.87
1.12
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OCATA FOR THE UNCERTAINTY ANALYS3IS:

Fila Nama: 3354
Pras3ura Congition: Atmospnaric (131 kPa’
vager Tamgsraturs = 138.151 {Ceg C!
watsr Flow Rats (%) 33.%9
Wwatar Valooitly 3.2% {m/3)
Haat Flux = 5.3222+85 W4/ )
Tubs~matal iharmai conauc. = 14.3 {Wim, K}
Patinov-Popov SoNstant = 2.7335
UNCERTAINTY ANALYSIS:
VARIABLE PERCENT UNCERTAINTY
M333 Flouw Rate, Ma 3.3¢
Raynoids Numdar, Rs o
Haat Fluk, 3 1.9
uog-ﬂaaﬂ--em g17?, M0 .47
Wall Rasistancz, Ru 5.87
Ovarall H4.7.C., Vo HPR R
watar-3ids H.7.C., Hi .37
Vapor-5138 H.7.C., Ho 13.56
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